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ABSTRACT 
Solid state reaction of B~03 .Fe2 o3 mixtures was 
shown to yield impure bismuth ferrate, BiFe03 , containing 
Bi2 Fe4 09 and residual Bi2 o3 ; this places the results of 
much of the literature based on BiFe03 prepared by this 
technique in suspect. Single phase polycrystalline BiFe03 
was prepared by multiple nitric acid leaching of sintered 
samples which contained excess Bi2 o 3 to prevent the for-
mation of Bi2 Fe4 o 9 during sintering. X-ray and neutron 
powder diffraction data indicate that BiFe03 possesses 
superstructure, probably resulting from a puckering of 
the oxygen octahedra. A rhombohedrally distorted unit 
cell containing two AB0 3 formula units generates all super-
structure peaks but a final atomic model could not be 
developed by trial and error methods. 
The room temperature phase diagram of the pseudo-
ternary BiFeo 3-PbZr0 3-PbTi0 3 system was refined to the 
limit consistent with sample homogeneity. It consists 
primarily of one tetragonal and two rhombohedral phase 
regions. The tetragonal structure of PbTi03 exists over 
an extensive region of the phase diagram and shows a high 
degree of distortion (c/a>l.l5) near the tetragonal-rhom-
bohedral phase boundary in the PbTi0 3-BiFe03 system. The 
rhombohedral phases of BiFe0 3 and the Pb(ZrTi)0 3 system 
extend far into the ternary diagram with decreasing angular 
distortion. As shown by x-ray analysis the orthorhombic 
Gary David Achenbach 
structure of PbZr0 3 reverts to pseudocubic symmetry with 
the addition of approximately 25 mole per cent BiFe0 3 
ii 
and retains this pseudocubic nature for compositions con-
taining up to about 80 mole per cent BiFe0 3 • Neutron 
diffraction studies of this region reveal that the oxygen 
octahedra are highly distorted in the pseudocubic phase 
and thereby account structurally for the high Curie tem-
peratures of these compositions. All phases in the central 
region of the ternary diagram are of low distortion which 
prevents precise delineation of phase boundaries by x-ray 
methods. 
The simple G-type antiferromagnetic structure of 
BiFe0 3 , in which each iron magnetic dipole is surrounded 
by six anti-parallel aligned dipoles, exists throughout 
the ternary system. Magnetic ordering is visible at room 
temperature in PbZr0 3 ·BiFe0 3 samples containing as little 
as 20 mole per cent BiFe0 3 • The temperature dependence 
of magnetic ordering follows Van Vleck's model at low 
temperatures. Residual short-range ordering persists at 
temperatures above the Neel temperature as determined by 
magnetic susceptibility studies. 
Gary David Achenbach 
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I. INTRODUCTION 
The synthesis of bismuth ferrate, BiFe0 3 , and charac-
terization of its perovskitic structure have presented a 
broad new area for structural investigations. X-ray and 
electron powder diffraction data for BiFe0 3 can be indexed 
on the basis of a simple rhombohedral cell. Preliminary 
neutron powder diffraction studies show peaks not attrib-
utable to a simple cell structure. Most of these peaks 
result from antiferromagnetic ordering of the iron dipoles; 
however, two such peaks persist at temperatures far above 
the Neel point. Various investigators have attributed 
these peaks to superstructure or to the presence of impurity 
phases. Therefore, the true atomic structure of BiFe0 3 
remains unsolved. 
The structure of BiFe0 3 maintains its rhombohedral 
distortion to temperatures at which decomposition occurs, 
approximately 800°C. This high Curie temperature is indic-
ative of a pronounced ferroelectric effect. However, the 
conductivity of BiFe0 3 is so high as to prevent determi-
nation of ferro- or antiferroelectricity by direct dielec-
tric measurements. Apparently only the complete solution 
of its nuclear structure remains as a method to determine 
the ferroelectric nature of BiFe03. 
Many binary systems of BiFe0 3 with other perovskites 
have been investigated in an attempt to characterize BiFe0 3 
by extrapolation techniques. The addition of BiFe0 3 to 
2 
ferroelectric PbTi0 3 causes a continuous increase in Curie 
temperature and a degree of tetragonal distortion much 
higher than that exhibited by any other perovskitic struc-
ture. Addition of BiFe0 3 to antiferroelectric PbZr03 in-
creases the atomic symmetry to pseudocubic while maintain-
ing high Curie temperatures. 
The purpose of this investigation was, therefore, to 
prepare pure BiFe0 3 and analyze the phases and parameters 
of its nuclear and magnetic structures. Compositions of 
the BiFe03-PbZr03, BiFe03-PbZro sTio 503, and BiFe03-PbTi03 
. . 
systems were synthesized to the highest purity possible 
for conducting structural investigations by x-ray and neu-
tron diffraction techniques. The compilation of these 
results allowed refinement of the BiFe03-PbZr03-PbTi03 room 
temperature phase diagram. 
II. LITERATURE REVI EW 
The binary systems BiFe03-PbZr03, BiFe03-PbTi03, and 
BiFe03-PbZr 0 • 5Ti 0 • 5o3 were investigated in an attempt to 
ascertain the atomic structure of BiFe0 3 and characterize 
its electrical and magnetic properties, and to provide a 
3 
more complete phase diagram of the BiFe0 3-PbZr0 3-PbTi0 3 
ternary system. Therefore, the perovskitic structure, BiFe0 3 , 
the PbZr03-BiFe03 system, the PbTi0 3-BiFe0 3 system, and the 
BiFe03-PbZr03-PbTi03 ternary system are reviewed. In 
addition two PbZrxTi1-x03 compounds and Bi 2 Fe 4 0 9 which were 
of importance to the primary investigation are reviewed. 
A. Perovskite Structure 
The mineral name of CaTi0 3 , perovskite, is applied to 
all isostructural AB0 3 compounds. The simple cubic perov-
skite structure, as shown at the bottom of Figure 1, has 
the A cation positioned at 000, the B cation at ~~~, and the 
three oxygen anions at 0~~, ~0~, and ~~0. The space group 
notation for this cubic structure is Pm3m. This structure 
may be considered as face-centered close packing of the 
large A cations and the oxygen anions with the smaller 
B cations located in the oxygen octahedral voids. The 
structure may also be visualized as linear chains of B0 6 
octahedra lying in <100> directions and sharing corners 
as diagramed at the top of Figure 1. In the perovskitic 
structure the B cations and oxygen ions have a coordination 
of six and the A cations have a coordination of 12. For 
4 
A CATION AT BODY CENTER SITE 
i) A Cation 
o B Cation 
• Oxygen anion 
B CATION AT BODY CENTER SITE 
Figure 1. The Perovskitic crystal structure. 
5 
electrical neutrality the valences of the A and B catio n s 
must sum to six to balance the three o xygen anions. This 
leads to three types of perovskitic compounds, each of which 
has been reported: A(+l)B(+5)0 3 , A(+2)B(+4)03 and A(+3)B(+3)0.3. 
In the cubic packing arrangement of Figure 1, the sum 
of an A ion diameter and an oxygen diameter form a face 
diagonal while the sum of the B ion diameter and an oxygen 
diameter form a cube edge. Therefore, for perfect packing: 
R + Ro = 12 (Rb + Ro) a ( 1) 
where: R = Radius of the A ion Ra 
= Radius of the B ion Rb 
= Radius of the oxygen ion 0 
Since a large number of perovskitic compounds are 
known to exist, equation (1) cannot hold in most cases. 
The ideal cube may undergo one-dimensional elongation to 
a tetragonal structure, two-dimensional distortion to an 
orthorhombic structure or three-dimensional shear to a 
rhombohedral structure. Megaw (1945) notes that two major 
types of deformation, occurring separately or together, are 
possible. The unit cell may change its shape by alteration 
of cell-edge length or axial angle, or the atomic locations 
of some or all atoms may shift in such a manner as to pro-
duce a multiple-cell configuration. Megaw (1945) , Naray-
Szabo (1946), Keith and Roy (1957), and Roth (1957) have all 
published surveys on the perovskitic structure. 
Goldschmidt (1926) introduced a tolerance factor, t, 
as a measure of deviation from the ideal packing arrangement. 
This factor which is derived directly from equation (1) is 
6 
defined as: 
R + R 
t = a o ( 2) 
Megaw (1945) and Naray-Szabo (1947) contend equation (2) 
is a valid measure of noncubicity if the radius of the B ion 
is adjusted for its 12-fold coordination. Zachariasen (1928) 
proposed a modification of the tolerance factor equation: 
t = 
1.06 (R + R ) 
a o ( 3) 
The correction of a five per cent reduction in the (Rb+R
0
) 
dimension is proposed to yield more reliable values of the 
tolerance factor. However, all recent publications use 
tolerance factors calculated by equation (2). 
For a structure with t < 1.0, the B ion is too large 
for the octahedral void and its presence distorts the oxygen 
octahedra. A t factor > 1.0 indicates the B ion is suffi-
ciently small to "rattle around" in its oxygen cage. Gold-
schmidt (1926) concluded, and Keith and Roy (1954) confirmed, 
that the perovskitic structure may be expected for AB03 com-
pounds with a tolerance factor 0.77<t<0.99. Roth (1957) 
suggests the 0.77 limit may be slightly high. 
Roth (1957) correlated the structures of a large number 
of known AB0 3 compounds by means of ionic radius. As 
suggested by Keith and Roy (1954), only compounds with the 
same A:B valency ratio were compared. The correlations 
proved to be only moderately successful. A three-dimensional 
7 
plot for A(+2)B(+4)03 compounds using polarizibility of 
the divalent ion, radius of the divalent ion, and radius 
of the tetravalent ion as coordinates proved a good method 
of relating perovskitic structures. 
Distortion from the ideal cubic structure may alter 
crystal symmetry in such a way as to permit ferro- or 
antiferroelectricity. Of the 32 possible crystal classes, 
20 non-centrosymmetric point groups may exhibit piezoelec-
tricity. Of the 20 piezoelectric point groups, a subgroup 
of 10 may theoretically support pyroelectricity. A pyro-
electric crystal has the property of developing an electric 
polarization when undergoing temperature change. For a 
crystalline material to be ferroelectric it must possess 
the symmetry of one of these 10 pyroelectric or polar point 
groups. The 10 crystal classes which can exhibit ferro-
electricity are listed in Table I. The two necessary 
TABLE I. 













conditions for ferroelectricity are that the crystal 
structure belong to a polar group and be only slightly 
distorted from a form of higher symmetry. 
In most theories on perovskitic ferroelectric crystals, 
8 
the bonding is considered to be mainly ionic with a degree 
of covalency. Granovskii (1963) discusses the character of 
bonding between the ferroactive ion and oxygen for several 
perovskitic compounds. The shortening of the A-0 distances 
in certain perovskites is taken as an indication of the 
covalent nature of the bonding. Krainik (1965) evaluated 
the size of the oxygen anion from the mean B-0 distance for 
a large number of perovskites as a measure of the electronic 
polarizability of oxygen. Ferroelectric materials showed 
0 
an oxygen ion size of 1.26-1.37 A whereas antiferroelectric 
0 
compounds had an oxygen size of 1.22-1.28 A. Venevtsev (1957) 
followed this same approach by observing a series of pseudo-
cubic perovskites in which ferroelectricity occurs where the 
tolerance factor falls below 0.92. 
If the A or B cation in the perovskitic structure 
possesses a magnetic moment, the compound will exhibit some 
type of magnetic property. Random orientation of the mag-
netic dipoles, paramagnetism, places no symmetry restrictions 
upon the structure. However, an ordered arrangement of the 
dipoles possesses symmetry qualities which must be com-
patible with the symmetry of the supporting nuclear struc-
ture. The parallel alignment of the magnetic dipoles, 
ferromagnetism, is a polar magnetic structure which requires 
a polar crystal lattice. The anti-parallel alignment of two 
equivalent magnetic sublattices, antiferromagnetism, is a 
centro-symmetric arrangement requiring a non-polar magnetic 
unit cell. Because each simple AB0 3 unit contains only one 
9 
magnetic A or B cation, the magnetic unit cell incorporates 
two or more simple nuclear cells. The nuclear cell can, 
therefore, be either polar or non-polar because a multiple 
arrangement of either nuclear symmetry can support a centro-
symmetric antiferromagnetic structure. 
Goodenough (1955, 1962) has conducted extensive inves-
tigations into the magnetic ordering of the general perov-
skitic structure and several specific perovskitic com-
pounds. The pseudo-cubic nature of this structure allows 
superexchange interaction to develop between magnetic 
B-site atoms through the intervening oxygen. Several 
models for the coupling mechanism have been proposed but 
none seem to hold in all cases. Koehler and Wollan (1955) 
developed a lettering system which has been widely accepted 
as the method of denoting the type of magnetic ordering 
present in perovskitic compounds. 
B. BiFe0 3 , Bismuth Ferrate 
Since Royen and Swars (1957) first reported the 
synthesis of the compound Bi 2 03•Fe 2 03 with a large tetra-
genal unit cell, a large number of investigations of BiFe03 
have appeared in the literature. Many of these publica-
tions were of questionable quality or presented incomplete 
studies. 
Filipev (1960) and Zaslavskii (1960) independently 
reported that BiFe03 possesses a rhornbohedrally distorted, 
perovskitic structure with room temperature unit cell 
0 
parameters: a = 3. 957 A a = 89° 28' 
10 
The theoretical x-ray density of BiFe0 3 is 8.37 gm/cm3. 
Ceramic BiFe03 dissolves slowly in nitric, hydrochloric, 
sulfuric and acetic acids; the powdered material dissolves 
more rapidly. The Goldschmidt tolerance factor, 0.89, is 
consistent with the perovskitic structure. The space 
groups R3, R3, R32, R3m, and R3m are proposed from x-ray 
data only. 
No technique for the preparation of single crystals 
larger than one millimeter has been reported. Therefore, 
all investigations have been on polycrystalline BiFe0 3 • 
BiFe0 3 is prepared by solid state reaction of Bi 2 03•Fe 2 o 3 
mixtures in the 600 - 850°C range. Reaction below 700°C 
is incomplete and above 750°C the double oxide begins to 
decompose. Much of the early work appearing .in the 
literature has proven erroneous because the BiFeo3 studied 
was not single phase. Published x-ray powder diffraction 
data for BiFe0 3 are given in Appendix D. 
The actual atomic structure of BiFe03 remains unde-
termined, although several solutions appear in the liter-
ature. The initial structure proposed by Zaslavskii (1960) 
from x-ray powder data was only an approximation because 
the high scattering power of bismuth and iron completely 
masks the contribution of the oxygen. Tomashpolskii (1964) 
used electron diffraction to develop the atomic positions 
shown in Table II. The structure containing one formula 
in the unit cell was assigned the space group notation R3m. 
11 
Simultaneously Kiselev (1964) reported a structure devel-
oped from low resolution neutron diffraction studies. The 
structure based upon an initially assumed, low symmetry 
space group, R3, was refined by least squares techniques 
to R3m symmetry with actual atomic positions not too dis-
similar from those given in Table II. 
TABLE II. 
Atomic Coordinates in the BiFe03 Unit Cell 
Atom x/a y/a z/a 
Bi o.o 0.0 0.0 
Fe 0.466 0.466 0.466 
Ox-1 -0.059 0.466 0.466 
Ox-2 0.466 -0.059 0.466 
ox-3 0.466 0.466 -0.059 
Cell specified by position of Bi at 000; Tomashpolskii ( 196 4) 
Bhide and Multani (1965) studied the Mossbauer effect 
of BiFe0 3 by subjecting it to recoilless gamma absorption. 
The observed spectra show splitting indicative of quadru-
pole splitting and a corrected isomer shift relative to 
310 stainless steel of 0.47±0.04 rnrn/sec. This isomer shift 
for iron was used as evidence of covalency in the Fe-0 
bonding. From the systematics of isomer shift with overall 
ionic character as proposed by Bhide (1964), the partial 
covalency was estimated at 45±20%. 
More recent high resolution neutron diffraction studies 
by Plakhtii (1964) of polycrystalline BiFe03 at room and 
high temperatures have proven all previous structural 
12 
analyses to be incorrect. Diffraction patterns at temper-
atures between the magnetic ordering temperature and the 
cubic transition temperature show superlattice peaks not 
attributable to the simple unit cells proposed. These 
multiple-cell peaks occur at the angular positions of the 
magnetic peaks and were not resolved in the initial neutron 
diffraction studies. 
A nuclear structure which accounts for the super-
lattice lines visible in neutron diffraction has not been 
ascernained. However, it must be consistent with data 
previously reported. X-ray and electron diffraction data, 
which reflect only bismuth and iron contributions, show a 
simple unit cell with the Bi ion at the corner and the Fe 
ion shifted along the [111] body diagonal. Neutron dif-
fraction data, which reflect oxygen as well as bismuth 
and iron positions, show superlattice reflections which 
indicate the true unit cell is a multiple of the simple 
AB0 3 unit. Compatibility of these data occurs only when 
the superstructure is associated primarily witth oxygen 
distortion. This type of structure is discussed by Kise-
lev (1963) and is consistent with the puckered-type oxygen 
octahedral arrangements known to exist in several perov-
skitic systems. Recently Kiselev (1966) reported having 
solved the BiFeo 3 structure using a double cell and finding 
that the superstructure results from a non-equivalent dis-
placement of the two iron ions; however, no atomic coordi-
nates or cell parameters were reported. 
13 
Roginskaya (1966) proposes that the superlattice lines 
in the neutron diffraction studies and solid solutions are 
due to impurities. Single crystal electron and x-ray 
studies by his group confirm the simple unit cell with 
atomic coordinates as given in Table II. 
Plakhtii (1964) suggested a LaA10 3-type doubled cell 
for BiFe0 3 similar to that found by Buhrer (1962) in the 
BiFeo 3-PbFe 0 • 5Nbo.s03 system. 
Fedulov (1961,1962) reported the first high tempera-
ture x-ray and thermal analysis investigations of BiFe03. 
The "a" parameter increases uniformly whereas "n" remains 
nearly constant as the temperature increases to the 
decomposition point of BiFe03 at approximately 800°C. 
The differential thermal analysis (D.T.A.) curve shows 
no phase transitions below 850°C. These data show that 
the Curie temperature of BiFe03 does not lie below its 
decomposition point. 
Although BiFe0 3 was reported to be either ferro-
electric or antiferroelectric as early as 1961, the ques-
tion of its exact electrical nature remains unanswered. 
Pure BiFeo 3 is too conductive for meaningful dielectric 
measurements to be made. Since the exact atomic structure 
remains unsolved, all attempts to explain its electrical 
nature have been made on the basis of indirect measure-
ments on BiFe0 3 and its solid solutions. Arguments exist 
for both antiferroelectricity and ferroelectricity. 
Krainik (1966) supports antiferroelectricity because 
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of the low ( < 150} dielectric constant of BiFe0 3 and the 
behavior of the relative linear expansion with increasing 
temperature. The value of ~1/1 increases with temperature 
from room temperature to 800°C where it drops markedly. 
This anomalous behavior is interpreted to mean BiFeo 3 is 
not pyroelectric and therefore antiferroelectric. However, 
since a decrease in unit cell volume is characteristic of 
ferroelectric to paraelectric transitions, the conclusion 
of Krainik is difficult to understand. Smolenskii (1965} 
supports antiferroelectricity because pyroelectricity is 
forbidden in the space groups suggested for BiFe0 3 which 
can also support weak ferromagnetism. 
Roginskaya (1966} summarized the reasons most inves-
tigators attribute ferroelectricity to BiFe0 3 • 
"(a} The presence of a continuous series of 
solid solutions in the PbTio 3-BiFe0 3 system and the 
continuous increase of Curie temperature from ferro-
electric PbTi0 3 to nearly pure BiFe03. 
(b) The presence of maxima on temperature 
dependences of the dielectric permittivity, £, in 
some solid solutions based on BiFe0 3 • 
(c) Structural data on the noncentrosymmetric 
space groups suggested for BiFe0 3 , and the lack of 
atomic superstructure (It must be noted that the 
presence or absence of superstructure has not been 
conclusively determined) ; the rhombohedral cell 
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distortion (a<90°) typical of ferroelectrics. 
(d) Data on the resonance absorption of gamma 
quanta in BiFe03 indicating the absence of struc-
turally non-equivalent positions for the iron atoms. 
(e) The frequency dispersion of the dielectric 
permittivity, £, and the maximum of the dielectric 
losses in the dispersion region which as a rule does 
not appear in antiferroelectrics." 
Neutron diffraction studies by Kiselev (1963,1964) 
and Plakhtii (1964) showed G-type antiferromagnetic 
ordering of the Fe ions in BiFe0 3 below the 380°C Neel 
temperature. This magnetic structure is shown in Figure 9 
and discussed in detail in the experimental section on 
BiFe03. Short range magnetic ordering persists to temper-
atures well above the transition temperature. The inten-
sity of the magnetic peaks follow a Brillouin function with 
S = 5/2; at room temperature, ordering is incomplete and 
an effective S value of 1.98 was found. 
Yudin (1964,1966) reported that the magnetic sus-
ceptibility of BiFeo 3 exhibits a sharp maximum at the Neel 
temperature characteristic of weak ferromagnetism. However, 
no spontaneous magnetic moment was detected in polycrystal-
line material up to extremely high applied fields. This 
indicates BiFeo 3 is antiferromagnetic at room temperature, 
which is consistent with neutron diffraction evidence, 
but it may be weakly ferromagnetic near the Neel temperature. 
This necessitates a crystal structure which allows for 
both a weak ferromagnetic and a pure antiferromagnetic 
structure, depending upon spin arrangement in the unit 
cell. 
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By virtue of symmetry laws, ferroelectricity can be 
combined with weak ferromagnetism only in a crystal struc-
ture in which the chemical and magnetic cells coincide. 
The attempt to correlate this structural restriction with 
the previously reported physical characteristics has 
brought investigators to various conclusions. Roginskaya 
(1965) discounted the weak ferromagnetism and called 
BiFe0 3 a ferroelectric, compensated antiferromagnet. 
Smolenskii (1965) reported that BiFe0 3 must be antiferro-
electric and weakly ferromagnetic. Yudin (1965) suggested 
that of the space groups proposed for BiFe0 3 only R3m 
allows weak ferromagnetism and a superlattice. In R3m, 
the magnetic Fe ions must occupy nonequivalent positions 
so that only longitudinal weak or temperature ferromag-
netism may arise. Yudin (1966) noted that none of the 
proposed space groups permit the existence of ordinary 
weak ferromagnetism, and suggested that BiFe03 may belong 
to space groups R3c or R3c. 
Tomashpolskii (1964b) investigated the interaction 
between the special dielectric and magnetic properties 
in BiFe0 3 • A very precise study was conducted on the 
variance of crystal parameters and dielectric constant 
with temperature. The cell parameters and dielectric 
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constant both showed anomalous changes near the Nee l 
point; this was interpreted as proof that an experimen-
tally detectable relationship exists between the nuclear, 
magnetic, and electrical structures of BiFe0 3 . 
A large number of binary systems of BiFe0 3 with other 
AB0 3 perovskitic compounds have been investigated. A 
number of these second components are listed only for 
reference: PbFeo.G7w0.3303, Plakhtii (1964); LaFe03, 
Roginskaya (1964); LaCr0 3 , Roginskaya (1965); SrTi0 3 , 
Fedulov (1965); Sr(Sno.33Mno . G7)03, Viskov (1966); LaAl03, 
Fedulov ( 1965) ; BaFeo. 5Nbo. sO 3, Krainik ( 1965) ; PbFe0•5Nb0.5o3, 
Ismailzade (1965). 
c. PbZr0 3-BiFe0 3 Binary System 
PbZr0 3 is an antiferroelectric, orthorhombically 
distorted perovskite which assumes cubic symmetry at 230°C. 
The Goldschmidt tolerance factor is 0.88, commensurate 
with the perovskitic structure. 
Early x-ray investigations incorrectly reported the 
structure of PbZro 3 as monoclinic and tetragonal. 
Sawaguchi (1951) determined that PbZr03 is actually 
multiple cell orthorhombic with eight formula units per 
unit cell. Published x-ray powder diffraction data are 
gi v.en in Appendix D for reference. 
Jona (1957) conducted a thorough x-ray single crystal 
and neutron powder diffraction study to determine the 
correct atomic coordinates of PbZro 3 • X-ray diffraction 
data were used to determine the atomic positions of the 
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heavier Pb and Zr atoms. As far as the Pb and zr atoms 
are concerned, the structure proved to be centrosymmetric 
because both space groups Pbam and Pbnm are correct. Neu-
tron diffraction studies, combined with the Pb and Zr 
positions from the x-ray investigation, provided the data 
needed for a complete structure analysis. The final 
atomic coordinates are given in Table III. The Pb and 
Zr are shifted anti-parallel in the ab plane but undis-
placed in the [001] direction. The zro 6 octahedra distort 
on zig-zag lines along the original <100> directions. 
This structure explains the pseudotetragonality of the 
structure since the oxygens, 0 1 and 0 2 , are displaced in 
the - b direction to maintain the equality of "a" and "b". 
All of the atomic distortion is anti-parallel · in the ab 
plane but polar in the c direction. This structure, 
therefore, meets Kittel's criteria of centrosyrnmetry for 
an antiferroelectric only in the ab plane. The asymmetry 
in the [001] direction suggests ferroelectricity but no 
spontaneous polarization can be observed. Jona concludes 
PbZro 3 is not ferroelectric in the [001] direction because 
the polarity cannot be reversed by an applied field. The 
amount of energy required for such a reversal of the po-
larization is so large that a change to rhombohedral sym-
metry is favored under the influence of a strong electrical 
field near the transition temperature. 
19 
TABLE III. 




Pb-1 0.706 0.127 0.0 
Pb-2 0.706 0.127 0.500 
Zr-1 0.243 0.124 0.250 
Zr-2 0.243 0.124 0.750 
Ox-1 0.270 0.150 0.980 
Ox-2 0.270 0.100 0.480 
Ox-3 0.040 0.270 0.300 
Ox-4 0.040 0.270 0.750 
Ox-5 o.o 0.500 0.250 
Ox-6 0.0 0.500 0.800 
Ox-7 o.o o.o 0.250 
ox-8 0.0 0.0 0.800 
Space group: Pba2; Jona (1957) 
0 0 0 
Parameters: a= 5.884 A, b = 11.768 A, c = 8.220 A 
The BiFe0 3-PbZr0 3 system was investigated initially by 
Schwaller {1963) who reported the system was definitely not 
a solid solution. Venevtsev {1964) reported specimens of 
the BiFeo 3-PbZr0 3 system could not be attained in a homo-
geneous single-phase state. The solid solutions forme d 
were reported to have four modifications: one pseudomono-
clinic and three rhombohedral. No structural parameters 
are provided. The pseudomonoclinic region {from PbZro 3 to 
35 mole per cent BiFe0 3) was antiferroelectric while all 
other samples were ferroelectric. The Curie temperatures 
determined crystallographically extrapolate to approxi-
mately 800°C for pure BiFe03. 
The most complete study of the BiFe0 3 -PbZr0 3 system 
was conducted by Chou {1966). Again, none of the inter-
2 0 
mediate compositions could be prepared single phase. The 
system was reported to maintain the orthorhombic PbZro 3 
structure with decreasing distortion as BiFeo 3 is added. 
Upon the introduction of 20 mole per cent BiFe0 3 , the 
system assumes a pseudocubic structure which was indexed 
as a second orthorhombic phase to account for one small 
peak. As the BiFe0 3 concentration increases the second 
orthorhombic phase persists while the quantity of impurity 
phases increases greatly. At 75 mole per cent BiFe0 3 , 
the major phase assumes the rhombohedral structure of pure 
BiFeo 3 • Samples in the region of pure BiFe03 are so im-
pure that structure parameters and the two phase region 
cannot be accurately determined. The structure parameters 
reported by Chou for BiFe03-PbZr03 are shown in Figure 2. 
Neutron diffraction analysis was recommended as a method 
to determine the true structure of the central pseudo-
cubic region. 
D. PbTi03-BiFe03 
PbTio 3 is a ferroelectric, tetragonally distorted 
perovskite with a high Curie temperature of 490°C. The 
0.98 tolerance factor for PbTi03 indicates the highly 
polarizable Ti ion would nearly fill the ideal cubic 
oxygen octahedra. This explains why the perovskitic 
structure assumed is highly distorted. 
Shirane (1952) made an initial x-ray and electrical 
study of PbTi0 3 to confirm the tetragonality of the 
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Figure 2. Room temperature lattice parameters 
of the Phzro 3-BiFe0 3 system by Chou (1966). 
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structure, and to investigate the temperature dependence 
of the structural parameters. The x-ray powder diffrac-
tion data for PbTio 3 are given in Appendix D. Shirane 
(1956) later made a thorough x-ray and neutron diffraction 
study of PbTi0 3 to ascertain the exact atomic structure. 
Using various models possible because of the ambiguity of 
the x-ray data, a least-squares refinement technique was 
applied to the neutron diffraction data to find the cor-
rect structure. The final atomic structure is shown in 
Table IV. 
TABLE IV. 
Atomic Coordinates in the PbTi0 3 Unit Cell 
Atom X _x_ z 
--
Pb o.o o.o 0.0 
Ti 0.500 0.500 0.040 
Ox-1 0.500 0.500 0.112 
ox-2 0.500 0.0 0.612 
ox-3 0.0 o.soo 0.612 
Space group: P4/mmm; Shirane (1956) 
0 0 
Parameters: a = 3.904 A, c = 4.152 A 
With the oxygen defining the unit cell, the Pb ion 
0 
is shifted 0.47 A along the [001] and the Ti ion is 
0 
shifted 0.30 A in the same direction. This structure 
explains the ferroelectricity and the high Curie temper-
ature of PbTio 3 • High temperature x-ray studies by Shirane 
(1952) showed the tetragonal structure changes to cubic 
symmetry just below 500°C. 
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Venevtsev (1960) first reported the existence of a 
continuous series of solid solutions between BiFeo 3 and 
PbTi03. The system exhibited the rhombohedral structure 
of BiFe03 and the tetragonal structure of PbTio 3 separated 
by a small two phase region at approximately 70% BiFeo 3 . 
Fedulov (1962) reported a more thorough x-ray and 
electrical study of the BiFe03-PbTi03 system. The struc-
ture parameters from this work are shown in Figure 3. The 
addition of BiFe0 3 to PbTi0 3 causes the "a" parameter to 
decrease slightly while the "c" parameter increases drama-
tically. Therefore, while the distortion of the unit cell, 
as measured by the c/a ratio, increases markedly, the unit 
cell volume increases only slightly. In the rhombohedral 
region, "a" increases slightly as PbTi03 is added to BiFe0 3 • 
The 1.17 c/a ratio reported for the 60 mole per cent BiFe0 3 
composition is an extremely high distortion relative to 
other known perovskitic ferroelectrics and therefore was 
doubted by our group prior to investigation. High temper-
ature x-ray diffraction studies of 30 and 80 mole per cent 
BiFeo 3 compositions revealed cubic transitions at 540° and 
750°C, respectively. Extrapolation of these data suggests 
a ferroelectric curie temperature of 830°C for BiFe03. 
Fedulov (1964) completed the BiFeo 3-PbTi0 3 phase dia-
gram by a study of the structural and magnetic character-
istics of the high BiFe03 concentration region. A very 
distinct two phase region was shown to exist between 65 
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Figure 3 . Room temperature lattice parameters o f 
the PbTi0 3 -BiFe0 3 system by Fedulov ( 1962 , 1964}. 
800°C and then sintered 1 hour at 1025°C. 
E. PbZr03-PbTi0 3 Binary System 
25 
The PbZr03-PbTi03 system was of great interest in 
that it combined a ferroelectric structure and an anti-
ferroelectric structure by varying only the nature of the 
B-site atoms. 
Sawaguchi (1953) conducted an investigation of the 
PbZrxTi1-x03 system to estimate the relative free energies 
of the electrical phases and to complete the partial phase 
diagram of Shirane (1952). At room temperature the mul-
tiple cell orthorhombic structure of PbZr0 3 was observed 
to accept only about 6 mole per cent PbTi03. The PbTi0 3 
tetragonal structure exists from pure PbTi03 to 55 mole 
per cent PbZr03. A rhombohedral ferroelectric phase occurs 
in the central region of the system with no detectable two 
phase regions noted. A very large piezoelectric modulus 
was reported for solid solutions near the rhombohedral-
tetragonal phase boundary. The Curie temperature for the 
system is nearly linear between 230°C for PbZr0 3 and 490°C 
for PbTi03 showing slight decreases at the phase boundaries. 
Cook (1966a) reported the intermediate phase region 
actually consists of two different rhombohedral phases. 
The transition between these two phases is initially first 
order, becoming second order with increasing titanium con-
tent. This phase change is undetectible by x-ray powder 
diffraction techniques and was determined by electrical 
studies. Since the differences in structure are probably 
26 
only in cell multiplicity resulting from oxygen octahedra 
puckering, neutron diffraction spectra might provide in-
dependent evidence of the two phases. The phase diagram 
for the system is shown in Figure 4. 
F. BiFe03-PbZro3-PbTi03 Ternary System 
Only two investigators have reported work on the 
pseudo-ternary BiFe0 3-PbZr0 3-PbTi0 3 system. The initial 
work by Ikeda (1963) concerned only the region around the 
extension of the rhombohedral-tetragonal phase boundary 
of the PbZro 3-PbTi0 3 binary system into the ternary system. 
Compositions with a maximum of fifty mole per cent BiFe0 3 
were prepared for the study of possible piezoelectric 
effects. In additional work on the limited ternary region, 
Ikeda (1964) reported the ferroelectric Curie temperature 
falls monotonically as BiFe0 3 is first introduced into 
intermediate Pb(ZrTi)03 compositions. The addition of 
over 20 per cent BiFe0 3 causes the Curie temperature to 
rise again and for PbZr 0 • 5Tio.s03 the Curie temperature 
increases to 400°C at 50 per cent BiFe0 3 • 
Clarida (1966) conducted a preliminary structural 
investigation of the entire ternary system. The results 
of Ikeda were duplicated and the complete phase diagram 
shown in Figure 5 was constructed. The tetragonal phase 
region is well defined and known to exist over the entire 
area outlined. Samples with higher BiFe03 and PbZro 3 con-
centrations show the same tendency to be nonhomogeneous 
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Figure 5. Room temperature phase diagram of the 
BiFe0 3 -PbZr0 3 -PbTi0 3 system by Clarida (1966). 
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bohedral-orthorhornbic phase boundaries are poorly resolved. 
The orthorhombic region incorporates both orthorhombic 
structures reported by Chou (1966). The rhombohedral 
region encompasses the structure of BiFeo 3 and the two 
Pb(ZrTi)03 rhombohedral structures. The central area of 
the ternary system is noted to be pseudocubic; therefore, 
it is probable that the total rhombohedral region is sub-
divided to allow for the various rhombohedral structures. 
Smith (1967) conducted high temperature dielectric 
measurements on the BiFeo 3-PbZr0 3-PbTi0 3 ternary system. 
The data taken in the UHF frequency range with the use 
of -a slotted line and high temperature sample holder are 
shown in Figure 6. The Curie temperatures for the three 
binary systems occur at progressively higher temperatures 
with the increase of BiFe0 3 content except in phase tran-
sition regions where minima occur. The dielectric con-
stants at the Curie temperatures were found to decrease 
as BiFeo 3 content increases. Extrapolation procedures 
yielded a Curie point dielectric constant near 1300 for 
BiFeo 3 • The Curie point of BiFe03 was found to occur at 
aso - 900°C. 
G. Bi 2 Fe409 
The entire Bi 2 0 3 ·Fe 2 o 3 binary system was of interest 
following the discovery of perovskitic BiFe0 3 • Koizumi 
(1964) constructed the phase diagram and reported a new 
compound, Bi 2 Fe 4o 9 • The x-ray powder diffraction data 
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Figure 6 . curie temperatures of the BiFe03-PbZr03, 
aiFeQ3-PbZro.sTio.s03, and BiFe03-PbTi03 systems by 
Smith (1967). 
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found to be the impurity phase which occurs in the prepa-
ration of BiFe03 . Single crystals of this phase were 
grown in a flux of Bi 2 o 3 by extended annealing at 850°C. 
Tutov (1964) also reported discovery of Bi 2 Fe 4o 9 • 
Investigation of the temperature dependence of its mag-
netic susceptibility showed it to be antiferromagnetically 
ordered below 265°K. 
Niizeki (1966) has determined the orthorhombic struc-
ture for Bi 2 Fe 4 o 9 • This structure, not yet in print, is 
given in Table v. 
TABLE V. 




Bi 0.176 0.174 0.0 
Fe-1 0.500 o.o 0.257 
Fe-2 0.351 0.334 0.500 
Ox-1 0.0 0.0 0.500 
Ox-2 0.373 0.198 0.243 
Ox-3 0.137 0.418 0.500 
Ox-4 0.143 0.415 0.0 
Space group; Pbam; Niizeki (1966) 
0 0 0 
Parameters; a= 7.95 A, b = 8.43 A, c = 6.00 A 
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III. EXPERI MENTAL PROCEDURE 
A. Sample Preparation 
1. Weighing. Two methods were used in weighing 
reactants for the various stoichiometric mixtures. One 
was to weigh all the individual oxides for a particular 
composition. The other was to prepare large quantities 
of the three binary mixtures; these mixtures were then 
reweighed in proper proportions for the desired compo-
sition. All samples were weighed to four decimal pre-
cision to maintain accurate stoichiometry. The equations 
used for all weighing calculations were: 
Bi203 + Fe 2o 3 = 2 BiFe0 3 (4) 
Bi203 + 2Fe 2o 3 = Bi 2Fe 4 0 9 ( 5) 
PbO + Zr02 = PbZr0 3 (6) 
PbO + Ti02 = PbTi03 ( 7) 
2. Mixing. After weighing, all samples were ground 
thoroughly to provide the intimate mixing of components 
required for proper reaction. If binary mixtures of oxides 
were to be reweighed, as discussed in the previous section, 
they were individually mixed to assure uniformity of com-
position. 
Four methods of mixing were tried in the course of 
this investigation. The first two, hand grinding and co-
precipitation, were used very little, whereas ball milling 
and grinding in the automatic mortar and pestle were used 
extensively. 
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Hand grinding With a mortar and pestle ~as done in 
the early stages Of the project before other methods were 
available. The oxides were dry ground in an agate mortar 
and pestle for periods of one to t~o hours. Sintered 
specimens were often ground by hand for brief periods 
prior to resintering or ~-ray analysis. 
co-precipitation of bismuth and iron hydroxides was 
attempted in the preparation of BiFe0 3 • However, the 
different characteristics of the t~o precipitates made 
the method unworkable. It was applied to no other campo-
sitions. 
Samples of 30 q~ams or less were dry ground in the 
automatic mortar and pestle listed in Appendi~ B for 
periods of one to foUr hours. Samples ground for longer 
periods - up to 24 nours - gave no indication of improved 
mixing. ~he high density alumina ~ortar and pestle caused 
no e~peri~entally detectable conta~ination. 
~he ~all ~tll listed in Appendix B was used to prepare 
large~ mi~ture~ of oxides. The sa~ple ~as ground as a 
slurry in distilled water for periods of four to eight 
hours. After ~~inding, the samples were filtered in a 
Buchner funnel and dried prior to reaction. Any poly-
ethylene conta~~nant introduced into the samples by grind-
ing was decomposed or volatilized during sintering and 
3. ~~essing. Some powdered samples were pressed into 
pellets p~ior to sintering. ~he compacting was done for 
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two purposes: (1) to improve reaction by incre asing con-
tact of the reactants, or (2) to prepare solid ceramic 
specimens suitable for electrical measurements. The 
pellets were formed in a small die and pressed at 50,000 
psi in a small hand operated hydraulic press or at 100,000 
psi in a larger Tinius-Olsen hydraulic press. 
4. Sintering. The mixed samples were sintered in 
one of the furnaces listed in Appendix B. The sample, 
as a powder or pressed pellet, was placed in a small 
Morganite crucible. In preliminary studies the crucibles 
were normally unlined, but when sample purity was impor-
tant the crucible was lined with platinum foil. The 
covered crucuble was placed in a preheated furnace; after 
a 10-20 minute interval allowed for temperature recovery, 
the actual sinter period was started. With a few early 
samples an inert atmosphere or vacuum was maintained in 
the furnace. For all samples structurally analyzed in 
this investigation, a closed air atmosphere was used. 
Sintering temperatures ranged from 500 to 1200°C for 
periods of 1.0 to 48.0 hours. Early experimentation indi-
cated that extended reaction times of over 3 hours did 
not noticeably improve reaction. After sintering the 
samples were removed from the furnace and air quenched. 
Rapid cooling of perovskitic compounds was reported by 
Roth (1957) to produce samples with sharper x-ray dif-
fraction patterns. Since the high temperature phase 
transitions are completely reversible, the perovskitic 
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structures reported are the room temperature stable forms. 
A complete listing of all sintered samples is given 
in Appendix c. 
B. X-ray Diffraction Analysis 
1. Technique. Room temperature x-ray diffraction 
patterns were prepared on all samples to determine sample 
purity or crystal structure. Ni-filtered CuKn radiation 
was used in all cases after determining that excess back-
ground resulting from iron fluorescence was not a problem. 
For preliminary studies patterns were made at one degree 
per minute in the 15° - 90° region of 28 to find all re-
flections in that range. For final indexing with maximum 
resolution, a pattern from 15° to 100° of 28 was made at 
a slow one fifth degree per minute scan rate. A 0.1° slit 
proved optimum and was used in all cases. 
2. Calculations. Samples were indexed by assigning 
hkl values of an assumed structure to all peaks appearing 
in its x-ray pattern. The known crystallographic struc-
tures of the three perovskitic compounds, BiFe03, PbZr0 3 , 
and PbTi0 3 were used in conjunction with the preliminary 
work of Clarida (1966) on their ternary system as bases 
for finding the structures of all samples. 
Indexing was initiated by assuming a structure class 
which appeared consistent with both sample composition and 
x-ray pattern appearance. The appropriate lattice para-
meters were evaluated from peaks highly sensitive to a 
particular parameter. Peaks were selected at the highest 
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possible 28 locations to yield the most precise parameters. 
Where feasible, at least two determinations of each para-
meter were made for comparative purposes. These lattice 
parameters were then used in digital computer programs to 
generate ail d-spacings possible for the assumed structure. 
A pattern was considered indexed when an hkl value of cor-
rect d-spacing could be found for each peak. Within a 
phase region, the proper variation in d-value for a parti-
cular hkl reflection was used as a strict criterion for 
selection of the proper index. After indexing, the volume 
of the simple unit cell was determined by digital computer 
calculation. 
The following equations were used to index patterns 
and calculate unit cell volumes: 
Cubic (a). 
1 h 2 +k 2 +1 2 
= ( 8) 
( 9) 
Tetragonal (a, c) • 
1 h2+k2 + = (10) 
d2 a2 
v = a 2 •c (11) 
Orthorhombic (a,b,c). 
= + + (12) 
V = a•b•c (13) 
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Rhombohedral {a, a}. 
1 = (h 2 +k 2+1 2} sin 2 a+2{hk+kl+hl} {cos2a~ (14) 
d 2 a 2 {1-3 cos 2 ~+2 cos 3 a} 
cos a (15) 
2d 
where cos 2a and cos 3 a are considered negligible 
because cosa is very small. 
(16) 
Contaminant peaks appear in many samples ~nich cannot 
be prepared homogeneously. These peaks a~e designated by 
impurity name and not specifically indexed. 
c. Neutron Diffraction 
1. Technique. Neutron powder diffraction patte~ns 
were prepared on a limited numbe~ of sampl~s to study nu-
clear and magnetic structures. Sample composition and 
temperature were the independent paramete~s in this ~ork. 
Polycrystalline samples were packed into cylindrical alu-
minum cells for room and lo~ temperature studies. cylin-
drical vanadium cells were used for all high temperature 
work. All scans were prepared f~om 4 to 50° of 2e at 0.2° 
increments with a 100,000 monito~ count. These experi-
mental conditions yielded data with high peak to background 
count ratio which make the results statistically tr~st-
worthy. 
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Low te~perature ne~t~on diffraction patterns were 
prepared on seve~al samples to establish more definite 
magnetic st~uct~~es. The cryostat of the diffractometer 
used in all low temperature ~ork holds liquid nitrogen 
(77°K) or liquid helium (4.2°~) temperatures for extended 
periods allowinq complete scans at these temperatures. 
High temper~ture neutron diffraction studies were 
made to acquire structural data above the magnetic order-
ing temperature. This work was done with two furnaces. 
Initial studies were conducted at temperatures up to 
425°C which is well above the reported Neel temperature 
of BiFeo 3 • However, at tnis temperature significant 
magnetic reflections ~emained. Further work using a 
second furn~ce at temperatures to 600°C provided nuclear 
structure d~ta on the rho~ohedral BiFe03 region. Scans 
of magnetic peaks at 0.2° increments and 10,000 monitor 
count were t~ken at incre~ental temperature steps to give 
data showinq variation of the degree of magnetic ordering 
with temperature. 
To provide data for the calculation of structures on 
an absolute basiG* a partial scan of a pure elemental 
nickel sample waG made at the time of the sample analysis. 
A scan from 28 to 38° of ze, ~onitor count of 10,000, cov-
ers two nickel pe~ks allo~ing for the calculation of a 
scale factor. 
The absorptiOn c~aracteriGtics of each sample must be 
determined fOr abSolut~ struct~ral analyses. The total 
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counts passing through a small weighed sample at high flux 
rate are determined for a monitor count of 10,000. The 
total counts are corrected to thermal neutron counts by 
subtracting the number of neutrons passing through the 
sample and a cadmium sheet. The ratio of thermal neutron 
counts passing through the sample to thermal neutron counts 
passing through an empty cell, provides the necessary data 
for absorption corrections. 
2. Nuclear calculations. The intensity of a neutron 
powder diffraction peak is given by equation (17): 
sine 2 
p' j I F I 2 e - 2w ( X ) 
P ( hk 1) = K P ( N) 2 B ( l..l r) sine . sin 2 e ( 1 7) 
where: P = Number of diffracted neutrons 
K = Scale factor 
p'= Sample density in cell 
p = X-ray density of sample 
N = Number of unit cells per unit volume 
B(l..lr) = Absorption correction 
j = Multiplicity of the reflection 
F = Nuclear structure factor 
w = Temperature factor 
X = Neutron wavelength 
e = Angle of diffraction 
For absolute structural calculations the scale factor 
must be evaluated from independent powder diffraction data 
taken at the time of the diffraction experiment. The 
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diffracted intensities of the major (111) and (200) nu-
c l ear reflections of pure nickel powder are determined. 
The theoretical x-ray density, p, is calculated from 
equation (18): 
nM ( 18) p = VA 
where: p = x-ray density 
n = Number of atoms per unit cell 
M = Molecular weight 
v = Volume of the unit cell 
A = Avogadro's number 
The actual sample density is calculated from experi-
mentally determined sample mass and volume. The number 
of unit cells per unit volume is the reciprocal of unit 
cell volume, equation (19). 
1 N = v (19) 
where: N = Number of unit cells per unit volume 
v = Volume of the unit cell 
The absorption correction, B, is a function of the 
sample's linear absorption coefficient, v, and radius, r, 
and must be evaluated experimentally. The ratio of the 
thermal neutron flux through a sample to the thermal 
neutron flux through an empty cell is the transmission 
factor. Equation (20), defining the transmission factor, 
is used to evaluate a, the cross-section. 




where: T = Experimentally evaluated transmission factor. 
w = Sample weight 
A = Avogadro's number 
a = Sample cross-sectional area 
M = Molecular weight 
o = Absorption cross-section 
The linear absorption coefficient is determined from 
equation (21). 
l.1 = ( 21) 
where: l.1 = Linear absorption coefficient 
n = Number of atoms per unit cell 
p'= Sample density 
v = Volume of the unit cell 
p = x-ray density 
o = Absorption cross-section 
The absorption correction, B, in tabular or graphical 
form as a function of the product of linear absorption 
coefficient and sample radius, can be found in literature 
such as Bacon (1962) or the "Internationale Tabellen". 
For the nickel standard, the remaining terms of 
equation (17) are constant. Their product for each re-
flection is given below for reference. This allows the 
calculation of a value of the scale factor, K. This scale 
Term Reflection: 111 200 
sine 2 j I F I 2 e-2w ( A ) 
sine . sin2 e 
914.4 505.6 
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factor can be applied to all diffraction data taken within 
the p eriod of time for which reactor flux characteristics 
may be assumed constant. The various terms of equations 
(18) - (21) are evaluated for each sample analyzed from 
experimental data. Absolute intensity calculations are 
then possible for an assumed atomic structure with equa-
tion ( 17) • 
A digital computer program prepared by Smith (1963) 
evaluated equation (18) for assumed atomic structures. 
This program, acquired from the Oak Ridge National Labora-
tory and revised by the Computer Science Center of the 
University of Missouri at Rolla, is in storage in Fortran 
IV language on the IBM 360-40 digital computer. Input 
requires experimentally determined values of the scale 
factor, atomic scattering lengths, cell constants, and 
neutron wavelength in addition to assumed crystal symmetry, 
cell type, temperature correction, and atomic coordinates. 
The scattering lengths 0.86, 0.96, 0.96, 0.62, and 0.58 
were used for bismuth, lead, iron, zirconium, and oxygen, 
respectively. This program, stored in the OS compiler as 
UMR.ENGR.MATRES(POWD) was used extensively for structural 
analysis of BiFe0 3 and the BiFe0 3-PbZr03 system. 
3. Magnetic aalculations. In addition to the nu-
clear scattering of neutrons, there is additional scat-
tering because of interaction between the neutron magnetic 
moment and the magnetic moments of atoms. If the magnetic 
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moments of the atoms are disordered, the resultant scat-
tering is incoherent. If, however, the magnetic moments 
are ordered, a coherent magnetic diffraction pattern 
results which is superimposed on the nuclear diffraction 
pattern. The magnetic pattern may be interpreted as a 
particular type of magnetic structure in the same manner 
as the nuclear pattern yields a nuclear structure. 
The intensity of a magnetic reflection is given by 
equation (22). 
where: 
2 (sine) 2 j <q2 >IF' j2e w A. 
I (hkl) = c sine · sin2e 
' C = K.J?...(N) 2 B(llr) 
p 
j = Multiplicity of the reflection 
<q2>= Square of the magnetic interaction vector 
F'= Magnetic structure factor 
w = Temperature factor 
A = Neutron wavelength 
e = Angle of diffraction 
Comparison of equations (17) and (22) shows the great 
( 22) 
similarity of nuclear and magnetic diffraction. The 
constant, c, is that evaluated for the nuclear calcula-
tions. All other terms correspond to the magnetic cell 
which may or may not be coincident to the nuclear unit 
cell. The value of <q2> is determined by equation (23) 




3 (h2+k2+1Z) j3 cos 2 a-ll ( 2 3) 
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where: a = The angle between the scattering and 
magnetization vectors. 
Wollan and Koehler (1955), in a study of the magnetic 
structures of the (LaCa)Mn0 3 system, surveyed the various 
types of ferromagnetic and antiferromagnetic ordering 
possible in the perovskitic structure. BiFe0 3 and its 
solid solutions with PbZr0 3 and PbTi0 3 assume a G-type 
structure in which each Fe ion is surrounded by six anti-
parallel-aligned Fe ions. The magnetic unit cell is 
double the nuclear cell in all three directions and 
possesses rhombohedral symmetry. In this structure, a 
is the angle between the unique [111] direction and the 
uniaxial alignment direction of the spin moments. 
The structure factor for the magnetic structure is 
given by equation (24). Summation over the eight ions 
in the G-type magnetic unit cell, yields a structure 
F = Lpe2ni(hx+ky+lz) ( 2 4) 
where: p = Magnetic scattering amplitude 
factor which is eight for reflections with all indices 
odd and zero for all other reflections. Therefore, this 
magnetic structure possesses only the reflections (111), 
( 311) , ( 331) , ( 333) , ( 511) and so forth. 
Magnetic intensity data obtained at various tempera-
tures are compared with Van Vleck's (1941) model for anti-
ferromagnetic materials. According to this model, the 
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magnetic moment should vary with temperature according to 
the Brillouin function given by equation (25). The inde-
pendent variable, y, is determined by T, the absolute 
[ 2S+l] [2S+l] 1 1 B(y) = 28 coth 28 y -[ 25 ]coth [ 25 ]y ( 25) 
where: S = Effective quantum number of the atom 
y = Independent variable 
temperature of measurement, and T , the Neel temperature, 
n 
in accord with equation (26). These two expressions de-
fine the variation of B with temperature. The neutron 
y = 3B (y) [S~l] T [ Tn] ( 26) 
intensities should vary with temperature according to the 
square of this function. It must be noted only the sim-
plest molecular field theory simplifies to the Brillouin 
function and, therefore, Van Vleck's model does not de-
scribe the temperature dependence of all magnetic ordering. 
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IV. EXPERIMENTAL RESULTS A~D DISCUSSION 
The data taken in the course of this investigation 
were limited to the three binary systems BiFeo 3-PbZro 3 , 
BiFe03-PbZro.sTio.s03, and BiFeo 3-PbTio 3 and three com-
plementary compositions Bi 2 Fe 4o 9 , PbZr 0 • 9Ti 0 • 1o 3 and 
PbZro.saTio.4203. Much early effort was directed toward 
the synthesis of single phase polycrystalline BiFeo 3 . 
The inability to prepare pure BiFe0 3 by direct methods 
coupled with a desire to refine the BiFeo 3-PbZr0 3-PbTio 3 
ternary system led to a thorough structural study of the 
three binary systems. Compositions vary by 10 mole per 
cent increments except in special regions where inter-
mediate compositions were of interest. Sintering data 
for all samples are listed in Appendix C for reference. 
A. BiFe0 3 , Bismuth Ferrate 
Initial attempts to synthesize single phase poly-
crystalline BiFe0 3 followed the method of solid state 
reaction of Bi 2o 3 ·Fe 2o 3 mixtures appearing in literature. 
A Morganite crucible and cover were used to contain the 
reaction for a minimum of contamination and loss of re-
actants. The high density of the alumina makes it ideal 
for this purpose. The use of a crucible cover alleviated 
the problem of controlling furnace atmosphere. The cru-
cible was lined with platinum foil in all cases where 
sample contamination was a concern. No detectable con-
tamination resulting from use of the platinum or crucible 
4 7 
was found in any sample prepared. The crucible was placed 
in a preheated furnace; the sintering times listed in 
~ppendix C started after the furnace temperature recovered 
to its setpoint. The 10-20 minute recovery period allo~s 
the reaction time to represent the actual period for which 
the sample was held at sinter temperature. Early samples 
were cooled slowly from sintering temperature to room 
temperature. All later samples were air quenched by rapid 
removal of the crucible from the furnace for air cooling. 
This air quench facilitated sample preparation and was 
felt to favor sample homogeneity. However, co~parison of 
slow cooled and air quenched samples gave no validity to 
the idea of improved sample purity. 
Temperatures in the range of 720 - 880°C ~ere tried 
for periods of 1.5 - 6.0 hours. The lower temperatQre 
was used in an effort to minimize the volatilization of 
Bi 2 o 3 • At temperatures below 750°C the rate of reaction 
was so low that complete reaction could not be attained. 
Samples sintered at higher temperatures were more nearly 
single phase but showed unreacted Bi 2 03 in all cases. The 
initial use of an inert helium atmosphere proved to be of 
no advantage and was discontinued. 
Failure to prepare pure BiFe03 by the published method 
necessitated development of either a variation of this 
reportedly successful method or a new synthesis technique. 
MQCh early work was directed along the former line. Re-
petitive grinding and resintering for up to eight times 
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did not dramatically improve sample homogeneity. The use 
of both oxygen atmosphere and vacuum failed to alter final 
sample purity. Presintered samples annealed for periods 
of 12 to 48 hours showed no evidence of a lowering in 
impurity content. Samples pressed into pellets to reduce 
reactant diffusion path length showed the same quantities 
of secondary phase as did powdered samples. Evaluation 
of mixing technique on final sample purity showed clearly 
ballmilling and automatic mortar and pestle grinding for 
periods of over two hours were equivalent in effect. Si-
multaneous precipitation of bismuth and iron as hydroxides 
proved an unworkable mixing procedure because flocculent 
iron hydroxide remained suspended and did not mix with the 
bismuth hydroxide. A double-sinter at 860°C provided the 
best BiFe0 3 sample; this sample still showed approximately 
five mole per cent Bi203. 
Preliminary studies indicated the unreacted Bi 2o 3 was 
in equilibrium with BiFe0 3 and could not be eliminated by 
normal techniques at atmospheric pressure. Small per-
centages of several additives were mixed with both reacted 
and unreacted samples in attempt to alter the equilibrium 
in favor of pure BiFe03. Addition of small amounts of cuo 
prior to reaction improved the density of pressed samples, 
but did not appreciably lower the residual Bi203 content. 
Addition of various second components such as Nb 2o 5 , Sr{OH) 2, 
Mn 2 o 3 , LaFe0 3 , and PbTi0 3 in low percentages resulted in a 
lowering of Bi 2o 3 content only in the case of PbTi03. 
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Experimentation with PbFe02 • 5 and Ti0 2 revealed the perov-
skitic compound was required, not either single component, 
to form a single phase solid solution with BiFeo 3 . One 
to three per cent PbTi0 3 markedly reduced residual Bi 2o 3 
content but approximately five mole per cent PbTio 3 had 
to be added before a completely homogeneous sample resulted. 
Although this sample was of great interest for physical 
and structural reasons,it could not be considered pure 
BiFe03 and the development of another method of synthesis 
was desired. 
Careful study of the highest purity BiFe03 samples 
showed the presence of a third phase. The x-ray pattern 
corresponded to a second compound occurring in the 
Bi203-Fe203 binary system, the diferrate, Bi2Fe~o 9 • In 
the temperature range for reaction of a Bi203•Fe203 mix-
ture, the free energy of Bi2Fe409 must be sufficiently 
near that of BiFe03 to allow its formation in the regions 
stoichiometrically favorable to the Bi 203•2Fe 203 phase. 
Formation of Bi 2Fe 4o 9 leaves an equal quantity of unreacted 
Bi 2o 3 which is then in equilibrium with the system. Pub-
lished methods for the preparation of pure BiFe03 there-
fore yield a three component sample in which the quantity 
of BiFeo 3 may be maximized by proper temperature selection. 
A technique was develop e d to p repare single phase 
BiFeo 3 • An excess of Bi 2o 3 in the initial reactants favors 
the formation of BiFe0 3 over Bi 2Fe40g. A 2Bi203•Fe203 
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mi x ture sintered three hours at 750°C follows e q uation (27) 
and no Bi2Fe409 is forme d . The excess Bi 2 o 3 can be r emoved 
( 2 7) 
from the sample by leaching with concentrated nitric acid , 
because the rate of dissolution of Bi 2 o 3 is much greater 
than that of BiFe03. To aid in removal of the bismuth 
oxide, the powdered sample is ground in a mortar and pestle 
during the leac~ in nitric acid. After a brief period to 
allow the sample to settle, the acid is decanted comp letely 
and the acid leaching repeated twice. The repeated leach-
ing is used to assure complete dissolution of the Bi 2 o 3 
and to prevent hydrolysis; i.e. the formation of the white 
colloid, BiO(N0 3), which will form if dissolved Bi 2o 3 
remains when water is added to the residue. The leached 
sample is washed three times to remove all acidity. The 
wet sample is dried in an oven at low temperature and 
reground by hand. The yield is only 20-30% by weight of 
the reactant mixture. 
The purple-black polycrystalline BiFe0 3 phase prepared 
by this leaching technique analyzes single phase by x-ray 
powder diffraction. The homogeneity of the sample is 
evident in the spectrogram reproduced in Figure 7. The 
2e region between 28 and 30°, where the major peaks of 
both Bi 2 o 3 and Bi 2 Fe 4o9 occur, is devoid of any indication 
of secondary phases. The x-ray pattern of the leached 
BiFeo 3 sample is superior in peak sharpness and resolution 
Copper Ka radiation 
~~ ! 
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to the patterns of all other samples prepared in this 
investigation. The excellent resolution and a 1 -a 2 
splitting are evidence of high structural uniformity in 
the sample. 
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All peaks appearing in the x-ray powder diffraction 
pattern of BiFe03 can be attributed to a simple, rhombo-
hedrally distorted perovskitic unit cell with the para-
meters: 
0 
a = 3.958 A a = 89° 30' 
The complete indexing of the pattern reproduced in Figure 7 
is given in Appendix E. · Since distortions of ferroelectric 
origin are sensitive to the presence of large vacancy con-
centrations, the measurement of this high distortion and 
its agreement with published work, is further evidence for 
good stoichiometry of the BiFe0 3 phase. 
No attempt was made to determine the nuclear struc-
ture of BiFe03 from x-ray powder diffraction data alone. 
Without untwinned single crystals of sufficient size for 
single crystal x-ray diffraction studies, the exact atomic 
arrangement cannot be unambiguously ascertained. X-rays 
are insensitive to the low atomic weight oxygen atoms in 
the presence of the heavy bismuth and iron atoms. There-
fore, atomic structures determined from x-ray data can be 
considered only as first approximations beyond the assump-
tion of simple cubic positions. The positions of the heavy 
bismuth and iron atoms determined by x-ray methods should 
be consistent with the final structure whereas the least 
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squares development of oxygen coordinates is not trust-
worthy. For this reason, no attempt at final structure 
solution was made with x-ray powder diffraction data. The 
published models were simply used as starting points for 
further refinement by other techniques. 
Neutron powder diffraction studies offer several 
advantages over x-ray diffraction. The neutron scattering 
length of heavy atoms such as bismuth or lead is less than 
twice that of oxygen whereas the same scattering length 
ratio for x-rays is approximately ten to one. Therefore, 
while x-ray diffraction intensities are insensitive to 
oxygen contributions, neutron diffraction patterns reflect 
the oxygen positions as well as heavier atom positions. 
Neutron powder diffraction data complement x-ray studies 
and help alleviate the problem of not having single crys-
tals. The magnetic spin moments of the neutrons will also 
interact with any magnetic dipoles present in the sample. 
If the dipoles are randomly oriented as in a paramagnetic 
state, the magnetic contribution is incoherent, appearing 
only as an increase in background. If the dipoles are 
ordered in space, the interaction between the neutron mo-
ments and dipoles is regular, thereby creating interference 
patterns. These magnetic patterns appear superimposed 
upon the normal nuclear diffraction pattern. For the p er-
ovskitic structure, only five possible uniaxially ordered 
dipole arrangements are possible; one ferromagnetic and 
four .antiferromagnetic. These structures are analyzed by 
Wollan and Koehler (1955) who present the general dif-
fraction pattern characteristic of each structure. 
Neutron powder diffraction patterns were made of 
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BiFe0 3 at 77°, 298°, 695° and 880°K. The room temperature 
(295°K) and high temperature (880°K) patterns are shown 
in Figure 8. The furnace pattern is subtracted from both 
patterns to improve clarity and interpretation. The three 
lower temperature patterns all show an antiferromagnetic 
structure superimposed upon the nuclear structure. Only 
the high temperature scan above the magnetic ordering tem-
perature, but well below the decomposition temperature 
(approximately 1050°K) , shows exclusively the nuclear 
pattern of BiFe0 3 • 
The magnetic pattern is shown by the temperature 
difference plot in Figure 9. Subtraction of the high 
temperature pattern from the room temperature pattern 
cancels all geometric and instrumental affects and reveals 
only the temperature dependent magnetic structure. The 
pattern revealed for BiFe0 3 is characteristic of the sim-
ple G-type antiferromagnetic structure in which each mag-
netic Fe ion is surrounded by six antiparallel-aligned Fe 
ions. The true magnetic cell is double the simple unit 
cell in all three dimensions. This cell with rhombohedral 
symmetry is shown in Figure 9. The intensities of the 
various magnetic peaks indicate the angle between the uni-
axial dipole direction and the unique structural [111] 
direction is 90°. The magnetic dipoles, therefore, lie 
BiFe03 607°C 
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Figure 9. Temperature difference neutron diffraction 
pattern and .G-type antiferromagnetic structure of BiFe03. 
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in the (111) plane but the specific direction io this 
plane cannot be determined. The anomalous peaks numbered 
1, 2, and 3 on the temperature difference patte~n result 
from the shift in nuclear peak position caused bY the 
variation in lattice parameter with tempe~~ture. 
The G-type antiferromagnetic structu~e is best ex-
plained by Goodenough's (1955) semicovalency model for 
coupling of magnetic ions through an oxygeo anion. The 
iron (+3) ion, with an outer-electron coPfiguration ds, 
must be assumed to hybridize stable (d 2 sp3) lattice or-
bitals. These lattice orbitals are octan~dral and can 
therefore point simultaneously toward all eix o~ygen near 
neighbors. The full oxygen anion p orbit~l which overlaps 
two iron hybrid orbitals contains two ele~trons Of opposite 
spin. Since each iron has an oriented net magnetic moment, 
the electrons do not have an equal probabtlity of being 
shared by the cations. In accordance with Hund•s rule, 
the anion electron whose spin is parallel to the net cation 
spin will spend more time on that cation tnan in the oppo-
site orbital lobe. The anion therefore ~~ts to align in 
antiparallel fashion the magnetic dipoles of the t~o cations 
overlapping a single p orbital. This de~~lOps a three 
dimensional magnetic array of the G-type tn which the di-
pole moment of each iron is surrounded by six antiparallel 
dipoles. 
The variation in the (111) magnetic ~eak intensity 
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with temperature is shown in Figure 10. At low temper-
atures the integrated intensities follow Van Vleck's (1941) 
Brillouin model well. The Brillouin function was evaluated 
using the experimentally determined 370°C Neel temperature 
of Latham (1967) and the theoretical S value of iron (+3), 
5/2. Short range ordering persists with G-type arrangement 
to nearly 150° above the Neel temperature. Because of its 
short range nature, the ordering above the Neel temperature 
is not evident by direct magnetic measurements but can be 
observed by neutron diffraction. 
The 607°C neutron diffraction pattern of BiFe0 3 
(Figure 8) shows peaks at 25 and 42° of 28 which cannot be 
generated by a simple AB0 3 unit cell. Comparison of 
Figures 8 and 26 shows that these peaks cannot be attrib-
uted to Bi 2 Fe 4 o 9 as suggested by Roginskaya (1966). The 
major peak of Bi 2 Fe 4o 9 does occur at approximately 25° of 
28 which could be used as evidence to prove the extra 
peaks result from impurities present and not superstructure. 
However, the presence of this peak would require the pres-
ence of the other peaks of the sample at their relative 
intensities. The complete absence of other peaks charac-
teristic of Bi 2 Fe 4o9 confirm x-ray evidence of sample 
purity and prove BiFe0 3 does possess a superstructure. 
An extensive effort was directed toward the development 
of an atomic structure for BiFe0 3 • A rhombohedral unit cell 
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Figure 10. Temperature dependence of the magnetic 
ordering in BiFe03. 
yield reflections at the positions of the known super-
lattice peaks. The translated cell parameters and ideal 
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atomic positions of this double cell are shown in Table VI . 
This unit cell was used for all subsequent work to find an 
atomic model consistent with both x-ray and neutron dif -
fraction data. 
TABLE VI 
The Ideal Double Cell Investigated for BiFe0 3 
0 
Parameters: a= 5.630 A, a= 59° 30' 
Atom X _x_ z 
--
Bi-1 0.250 0.250 0.250 
Bi-2 0.750 0.750 0.750 
Fe-1 0.000 0.000 0.000 
Fe-2 0.500 0.500 0.500 
ox-1 0.250 0.250 0.750 
ox-2 0.250 0.750 0.250 
ox-3 0.750 0.250 0.250 
ox-4 0.750 0.750 0.250 
ox-5 0.750 0.250 0.750 
ox-6 0.250 0.750 0.750 
The symmetry of space group R3rn was initially applied 
to the unit cell. The atomic shift of the Fe ion reported 
by Tomashpolskii (1964) for a simple cell was used as an 
initial assumption. The Bi ions were not shifted but 
allowed to define the position of the cell. Both parallel 
and anti-parallel shifts of the Fe were used in conjunction 
with many types of oxygen octahedra distortion. All these 
attempts to produce the visible superlattice peaks resulted 
in the simultaneous generation of a (111) reflection at 
13.6° of 2e. The high temperature neutron diffraction data, 
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as listed in Table VII, give no evidence for this peak. 
The cell symmetry was reduced to R3 for subsequent 
calculations. The mirror in the R3m space group forbids 
asymmetric shifts of atoms from the (111) plane. This 
type distortion is necessary to reduce the intensity of 
a (111) peak. All attempts failed to reduce the (111) 
reflection intensity to a level which could be considered 
negligible above background by variation of atomic posi-
tions. A structural model generating the correct neutron 
diffraction pattern could not be found. 
TABLE VII 
High Temperature Neutron Diffraction Data for BiFe0 3 
Observed Intensities 
Two Theta Total Furnace Corrected 
Location Counts Counts Counts 
14.2 2524 2980 "-0 
15.8 16729 0 16729 
22.3 36401 0 36401 
26.3 10796 0 10796 
27.6 13513 1434 12079 
28.6 2835 2916 "-0 
30.2 11658 8480 3178 
31.8 43155 0 43155 
35.6 30456 2730 27726 
39.4 37781 0 37781 
41.8 2092 0 2092 
45.7 24291 0 24291 
48.2 24050 0 24050 
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B. PbZr0 3-BiFeo 3 Binary System 
All efforts to prepare samples of the PbZro 3-BiFeo 3 
system were based upon the preliminary work of Chou {1966). 
His work indicated single phase samples could not be at-
tained through solid state reaction at atmospheric pres-
sure. This directed our work toward attempts to minimize 
impurity content and further structural analysis. 
Appendix C gives a complete listing of all attempts 
to prepare samples of the PbZr03-BiFe03 system. Samples 
were prepared at 10 mole per cent increments except for 
the 75 PbZr0 3-25 BiFe0 3 composition which occurs near a 
phase transition. The introduction of BiFe0 3 into PbZr0 3 
causes zro 2 to be rejected from the atomic lattice in 
proportion to the amount of BiFe03 added. Variation of 
the sintering temperature affects but does not eliminate 
ZrOz content. The presence of residual zro 2 necessitates 
the presence of lead or bismuth compounds in the sample 
because the reaction mixture is stoichiometrically pre-
pared for the perovskitic composition. Attempts to pre-
pare samples using pure BiFe0 3 and PbZr0 3 instead of un-
reacted oxides proved futile. At compositions containing 
over 60 mole per cent BiFe0 3 the samples become so impure 
as to make precise x-ray analysis impossible. For this 
reason the leach technique required to produce pure BiFe0 3 
was applied to these high BiFe0 3 content samples. A 100 
per cent excess of the A-oxides was added to the initial 
reactant mixture. The sintered samples were leached with 
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concentrated nitric acid by the procedure discussed in 
detail in the bismuth ferrate section of the experimental 
results. The leached samples are also not single phase 
but contain much less of the impurity phases than the un-
leached samples. Careful comparison of the leached and 
unleached samples showed the major phases unchanged in 
crystal structure or structural parameters. For this rea-
son, the leached samples containing 70, 80, and 90 per cent 
BiFe0 3 are considered in the x-ray diffraction analysis. 
It must be noted that these samples, as well as the un-
leached samples, cannot be considered stoichiometrically 
pure. 
The sintered samples were analyzed by x-ray diffrac-
tion analysis and indexed as given in Appendix F. Addition 
of BiFeo 3 to pure PbZr03 results in a distinct decrease in 
the orthorhombic distortion. The addition of 25 per cent 
BiFe03 to Pbzro 3 results in a phase change to pseudocubic 
symmetry. This intermediate structure appears to continue 
through the introduction of 80 per cent BiFe03. Venevtsev 
(1964) refers to this region as two rhombohedral regions 
but defines his work no further. Chou (1966) indexed the 
region by a multiple-cell orthorhombic cell very similar 
to the PbZro 3 structure. However, this method of indexing 
must be held in some doubt because the orthorhombic dis-
tortion is not directly visible by x-ray means and the 
multiplicity is based on a single peak which occurs in the 
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impurity peak region and at the position of t he 8-reflec -
tion of the major peak. Our data warrant no more specific 
classification than pseudocubic. The appearance of a few 
unexplained reflections in several high BiFeo 3 content 
samples is not evidence of multiple cell structures. The 
system assumes the rhombohedral BiFe0 3 structure at compo-
sitions of less than 20 per cent PbZro 3 • The phase boun-
daries of this system differ in position from those of 
Chou. He reported the orthorhombic phase transition at 
80 per cent PbZr0 3 • The shift of five per cent results 
from a more careful study of the same x-ray patterns and 
investigation of new samples. The orthorhombic-rhombo-
hedral phase transition was reported by Chou at 25 mole 
per cent PbZro 3 • This shift in boundary location is not 
a consequence of the leaching technique and therefore 
indicates the position of the phase transition is sensi-
tive to the thermal treatment of the samples. 
The structural parameters for the PbZr03- BiFe03 
system are compiled in Table VIII. The variation in 
structural parameters and simple cell volume for the sys-
tem are shown in Figures 11 and 12. 
The parameters "a", "b", and "c" in the orthorhombic 
region show a decrease with increase in BiFe0 3 content. 
The three parameters also show a definite tendency to 
approach a common value. This is consistent with the 
change to pseudocubic symmetry occurring at 25 per cent 
BiFeo 3 • The "a" parameter of the pseudocubic phase 
!--...,.+ aj./2 
4.14 ~_b/2h"'+ .1 
•. ""f............. \ ,,. 
4.12 r cj2 "'+, 't, 
- -·---·- "l·"' 4.10 ~ T 






4.06~ -i 89°20' 
,..... 
o<( 
._, 4.04 ~ 
(/) 
a: 






+,1''+~1 a: ~ 3.98 ... 
3.96~ 
I I I I 
0 20 40 60 80 100 
COMPOSITION ( mole 0/o BiFe03 ) 



































""'- !rhombohedral ~ -"'·;~ 
',, ""'· 
I 1 
60 -80 100 




decreases uniformly as the smaller Bi ions replace the Pb 
at the A-sites. The addition of PbZro 3 to BiFeo 3 is 
accompanied by a lessening of rhombohedral distortion and 
a slight increase in the "a" parameter. 
TABLE VIII 
Structural Parameters of the PbZro 3 -BiFe0 3 Binary System 
Composition 
(Mole % 






























0 0 0 
a(A) b(A) c (A) <l(deg) 
5.972 11.684 8.220 70.495 
5.864 11.668 8.208 70.200 








3.972 89o 33' 62.660 
3.958 ago 30' 61.998 
(multiple-cell orthorhombic) , 
(pseudocubic) , R (rhombohedral) 
The data show the volume of the simple cell decreasing 
with an increase of BiFe0 3 content at room temperature. 
This decrease in volume occurs because bismuth has a 
smaller ionic radius than the lead it randomly replaces 
in the atomic lattice. From Figure 12 it is found that 
the volume exhibits an anomalous increase at each phase 
boundary. The extrapolation of volume from the higher 
Pbzro 3 content phase falls well below the actual cell 
volume at each transition. Smith (1967) suggests the 
68 
larger volume of the rhombohedral BiFeo3 phase relative 
to the extrapolated curve from the intermediate pseudo-
cubic phase could be due to ferroelectric behavior. 
The x-ray patterns give information of the atomic 
behavior of the heavier A- and B-site ions in the system. 
The lessening of distortion caused by addition of 10 and 
20 mole per cent BiFe03 to PbZro 3 means the lead and 
zirconium are shifting toward the cubic positions. The 
cubic nature of the 25 per cent BiFe03 sample indicates 
the A- and B-site ions have shifted to nearly cubic posi-
tions. This pseudo-cubic arrangement persists throughout 
the middle region; however, a broadening of peaks indicates 
the atoms may be leaving the cubic locations slightly. 
The variation in Curie temperature for this system is 
shown in Figure 6. The initial drop in Curie temperature 
caused by addition of BiFe03 to PbZr03 is consistent with 
the lessening of distortion observed with x-rays. The 
rapid increase in curie temperature for samples in the 
intermediate pseudocubic region indicates an increasing 
distortion with change of composition that cannot be ex-
plained in total by the x-ray patterns which reflect pre-
dominantly heavy atom positions. The distortion revealed 
in the high curie temperatures must lie in the oxygen 
octahedra. The increase in BiFe0 3 content shifts the 
oxygen further off the cubic positions requiring higher 
thermal agitation to produce a cubic structure. 
Neutron powder diffraction studies were made on 
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several compositions over a wide range of temperatures as 
listed by Table IX. The primary objective of the neutron 
diffraction studies was to determine the correct atomic 
TABLE IX 
Neutron Powder Diffraction Analyses of 
PbZr0 3-BiFe0 3 Samples 
Mole per cent PbZr03 90 80 70 60 50 20 
629 661 
Absolute Temperature 575 511 520 
of analysis 296 296 296 296 296 296 
77 77 77 77 77 77 
4.2 4.2 4.2 4.2 4.2 
structure of the central pseudocubic region. Cell multi-
plicity resulting from oxygen octahedra puckering would 
generate superlattice peaks in neutron diffraction patterns. 
Sketches of the room temperature neutron diffraction 
patterns of the 90, 80, 70, 60, and 50 per cent PbZr03 
samples are shown in Figures 13 through 17, respectively. 
The (111) peak of the G-type antiferromagnetic structure 
appears in the low temperature neutron patterns for the 
80 per cent PbZro 3 sample and is just visible in the 70 
per cent PbZro 3 pattern. The presence of the BiFe03-type 
magnetic structure in this region indicates the change of 
distortion across the phase boundary is insufficient to 
force an alteration of magnetic dipole alignment. The 
Neel temperatures obtained by Latham (1967) from direct 
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Figure 13. Sketch of the room temperature neutron 
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Figure 14. Sketch of the room temperature neutron 
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Figure 15 . Sketch of the room temperature neutron 
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Figure 16. Sketch of the room temperature neutron 
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BiFe0 3 • 
75 
containing 50 per cent or less BiFeo 3 • The antiferro-
magnetic reflections appearing in these samples must, 
therefore, be attributed to short-range ordering of the 
magnetic dipoles. 
For quantitative analysis of the neutron diffraction 
patterns some of the intensity data were put on an ab-
solute scale by reference to nickel standard reflections. 
X-ray data give no evidence of atomic ordering at the A 
or B sites so average scattering lengths were used for 
all intermediate compositions. The observed intensity 
data were corrected for the zro2 present by subtraction 
of the intensities of the major zro2 peaks, as determined 
from a zro 2 standard, in proportion to the estimated quan-
tity of impurity present. The atomic coordinates were 
developed by trial and error. An atomic structure was 
assumed using the best published or x-ray information 
available. The computer program, POWD, was used to cal-
culate diffraction intensities for the proposed structure. 
A discrepancy factor, R, defined by equation (28) was 
used as a measure of correctness of the assumed structure. 
R = 
[I (calc) - I ( obs) ] 
I (obs) 
• 100% ( 2 8) 
Table x shows the atomic coordinates of the 90 PbZr03-
10 BiFeo 3 structure. The Pbzro 3 structure was used as the 
basic atomic arrangement. x-ray diffraction data indicated 
the A- and B-site atoms were shifted slightly less from 
TABLE X 





PB-1 0.717 0.126 0.000 
PB-2 0.717 0.126 0.500 
ZF-1 0.245 0.124 0.250 
ZF-2 0.245 0.124 0.750 
Ox-1 0.265 0.147 0.982 
Ox-2 0.265 0.103 0.482 
Ox-3 0 . 035 0.267 0.294 
Ox-4 0.035 0.267 0.750 
Ox-5 o.ooo 0.500 0 .. 250 
Ox-6 o.ooo 0 .. 500 0.794 
Ox-7 o.ooo 0.000 0.250 
Ox-8 o.ooo 0.000 0.794 
Parameters: 
0 0 0 
a = 5.856 A, b = 11.712 A, c = 8.216 A 
cubic than in pure PbZro3 • A systematic trial-and-error 
approach produced the structure in Table XI. The A- and 
TABLE XI 
Observed and Calculated Intensities for 90 PbZr03-10 BiFe0 3 
Observed Intensities 
Two Theta Total Corrected Calculated 
Location Counts 2% zro2 counts Intensities 
12.1 3113 3113 3174 
15.3 8726 8726 93 45 
17.3 550 478 0 0 
19.7 7435 1172 6263 3662 
21.7 74360 328 74302 77371 
24.0 295 295 183 
25.6 10463 10463 11052 
26.7 112150 1286 110864 103865 
28.9 950 1168 0 0 
30.9 157016 1354 155662 158635 
33.6 11090 11090 10597 
34.6 18101 3744 14357 8216 
36.6 6148 6148 6606 
38.0 65488 1876 63612 62598 
39.9 6457 6457 9465 
42.0 1171 1276 0 0 
44.1 105469 105469 112046 
46.5 34464 ' 34464 27499 
76 
77 
B-site atoms are shifted approximately 1/4 of the way from 
PbZr0 3 distortion toward centered positions. The oxygen 
retain greater distortion than the heavier atom and are 
shifted only slightly from the equivalent PbZro 3 locations. 
The observed and calculated intensities are compared in 
Table XI. Intensities were calculated for 173 reflections. 
An isotropic temperature factor of 1.2 was used for all 
atoms in the structure. The discrepancy factor was 6.8 
per cent for this final structure. 
The coordinates of all atoms in the 80 PbZr03-20 BiFe03 
sample structure are given in Table XII. The x-ray dif-
TABLE XII 
Atomic Coordinates of 80 PbZr03-20 BiFe03 
Atom X _x_ z 
--
PB-1 0.742 0.125 o.ooo 
PB-2 0.742 0.125 0.500 
ZF-1 0.248 0.125 0.250 
ZF-2 0.248 0.125 0.750 
Ox-1 0.265 0.144 0.984 
ox-2 0.265 0.106 0.484 
ox-3 0.030 0.265 0.288 
Ox-4 0.030 0.265 0.750 
Ox-5 o.ooo 0.500 0.250 
Ox-6 o.ooo 0.500 0.788 
Ox-7 o.ooo o.ooo 0.250 
Ox-8 0.000 o.ooo 0.788 
0 0 
0 
Parameters: a = 5.832 A, b = 11.562 A, c = 8.180 A 
fraction data showed the A- and B-site atoms in this struc-
ture were strongly shifted back toward the centered posi-
tions. The relative decrease in distortion between this 
composition and the 90 per cent PbZr0 3 sample appeared to 
78 
be much greater than the decrease shown between the 90 pe r 
cent PbZr03 sample and pure PbZro 3 • Starting at this 
point the final structure was developed. The A- and B-site 
atoms are shifted very slightly from the cubic positions. 
The oxygen, in contrast, retain a high level of distortion 
showing only small shifts from their positions in the 90 
per cent PbZro 3 sample. A 1.2 isotropic temperature fac-
tor provided the best intensity fit to the observed data. 
The observed and calculated intensities are listed in 
Table XIII. The discrepancy factor is 7.3 for this struc-
TABLE XIII 






























































































At 75 per cent PbZr0 3 the PbZro 3-BiFeo 3 system reverts 
from its multiple-cell orthorhombic structure to a pseudo-
cubic structure. Although electrical measurements show 
the pseudocubic cell must be rather highly distorted, x-ray 
analyses show that a very limited degree of this distortion 
can result from shifts of A- and B-site atoms from the 
cubic positions. Neutron diffraction patterns prepared 
on the 70, 60,and 50 per cent PbZr0 3 samples provided 
additional structural information. The presence of super-
lattice peaks would identify a multiple-cell structure and 
allow its solution. The neutron diffraction patterns, as 
sketched in Figures 15, 16, and 17, for 70, 60, and 50 per 
cent PbZro 3 samples respectively, do not show conclusive 
evidence of superstructure although a number of peaks not 
attributable to a simple cell are present. The small peaks 
not characteristic of either magnetic ordering or Zr02 
impurity may result from Bi 2o 3 or other compounds which 
must be present as a result of the exclusion of zirconia 
from the perovskitic phase. The absence of the super-
lattice peaks at 12.1, 25.4, and 33.1° of 2e shows that 
a multiple-cell, orthorhombic structure similar to PbZr03 
as proposed by chou (1966) is incorrect. 
The absence of a distinct superlattice in the pseudo-
cubic phase region forces the acceptance of a distorted 
simple-cell structure. The cubic nature of the x-ray data 
shows the distortion of the oxygen octahedra must account 
for much of the ferroelectric nature of the samples. The 
80 
high angle peaks in the x-ray patterns of the pseudocubic 
region showed increasing diffuseness and a tendency to 
split with increased BiFeo 3 content. The splitting was 
vague and not reproducible and could not be used in actual 
structural analysis, but its occurrence caused the selec-
tion of space group R3 for the intensity calculations. 
This space group is not proposed as correct but takes into 
account the work of Venevtsev (1964) and the noncubic 
symmetry the structure must possess. The objective of 
these structure calculations was therefore limited to 
showing that a structure with high oxygen distortion 
possesses a lower discrepancy factor than the same struc-
ture with all oxygen atoms returned to cubic positions. 
The atomic coordinates and neutron diffraction inten-
sity data for the 70 per cent PbZr0 3 sample are shown in 
Tables XIV and xv. Because of the cubic nature of the 
TABLE XIV 
Atomic coordinates for 70 PbZr03-JO BiFe03 
Atom X _x_ z 
--
BP 0.000 o.ooo 0.000 
ZF o.soo 0.500 0.500 
Ox-1 0.540 0.540 0.000 
Ox-2 0.540 0.000 0.540 
Ox-3 o.ooo 0.540 0.540 
0 goo Parameters: a = 4.103 A, a = 
81 
TABLE XV 
Observed and Calculated Intensities for 70 PbZr0 3-30 BiFeo 3 
Observed Intensities Calculated Intensities 
'!Wo Theta Total 6% Corrected Cubic Distorted 
Location Cbunts zro 2 Counts Structure Structure 
13.6 3007 na~ti.c ill 0 0 0 
15.4 20232 0 20232 11354 16135 
17.3 728 1434 "'0 0 0 
20.1 10496 3516 6980 0 0 
21.9 113419 948 112471 92506 92722 
24.3 6773 0 6773 0 0 
25.4 2156 m~ticlll 0 0 0 
26.9 131454 3858 127596 133014 127064 
29.1 3529 3504 "'0 0 0 
31.1 209201 4062 205139 220283 208019 
34.8 37052 11232 25820 8197 11417 
38.3 92255 5628 86627 55566 85771 
41.7 6942 3828 3114 0 0 
44.5 153050 0 153050 198737 177303 
47.2 41502 0 41502 4935 10780 
x-ray patterns the A- and B-site atoms are left at the 
centered positions and zero rhombohedral distortion used. 
The oxygen anions are shifted in a polar fashion commen-
surate with the ferroelectricity of the sample. The four 
per cent shift used is consistent with the degree of oxy-
gen distortion evident in the 80 per cent PbZr03 sample 
(Table XII) • 
The calculated intensities for the distorted struc-
ture compare well with the experimental data for the lim-
ited refinement applied. The discrepancy factor is 14.5 
per cent for this final model. The calculated intensities 
for a structure with all atoms placed at the centered posi-
t1ons are listed to provide a basis for comparison. The 
82 
same scale factor was used for both calculations and t he 
1.2 temperature factor found best for the distorte d struc-
ture was used for the cubic model also. The integrated 
intensities for 21 hkl reflections are included in the 
calculations. The discrepancy factor for the cubic model 
is 25.0 per cent. Comparison of the two sets of calculated 
intensities shows that the difference between the observed 
and calculated intensities is less for the distorted model 
in all cases. This characteristic and the improved dis-
crepancy value indicate the structural model assumed is a 
good approximation to the correct structure. 
The atomic coordinates of the 60 per cent PbZr03 
structure are shown in Table XVI. In this unit cell the 
A-site atoms remain in the cubic positions while the B-site 
TABLE XVI 
Atomic Coordinates for 60 PbZr03-40 BiFe03 
Atom X _:L_ z 
--
BP 0.000 o.ooo 0.000 
ZF 0.501 0.501 0.501 
Ox-1 0.550 0.550 0.000 
Ox-2 0.550 o.ooo 0.550 
Ox-3 o.ooo 0.550 0.550 
0 50' Parameters: a = 4.072 A, a = ggo 
atom is shifted very slightly in the polar direction of 
the oxygen shifts. The oxygen positions are shifted more 
than in the 70 per cent sample to be consistent with the 
increased curie temperature of this composition. 
83 
Table XVII shows the observed and calculated inten-
TABLE XVII 















































































































sities of the 60 per cent Pbzro 3 structure. A 1.2 temper-
ature factor was used for the calculation of the intensi-
ties and 21 reflections were incorporated into the pattern. 
The data were corrected for eight per cent Zr02 which was 
the best estimate of this impurity content. The discrepancy 
factors for the distorted and cubic models are 20.7 and 
28.3 per cent, respectively. These values indicate the 
assumed structure does not correspond as well to the true 
atomic arrangement for this composition as in the case of 
the 70 per cent sample. However, the difference between 
calculated and observed intensity still decreases for the 
assumed distorted structure for all peaks except one. 
8 4 
For this peak at 27.1° the variation of peak intensity 
with distortion is opposite that required to improve 
agreement. 
The appearance of the small peak at 12.4° in the 
room temperature neutron diffraction pattern of this sam-
ple suggested the presence of superstructure. To investi-
gate the origin of this new peak,high temperature studies 
were made. A series of limited scans covering only the 
region from 10 to 16° of 2e was prepared at various temper-
atures up to 625°K or just above the Curie point. The peak 
did not vanish or significantly change in intensity at the 
high temperatures. This indicates the peak results from 
impurity as a superlattice peak would disappear above the 
Curie temperature when the crystal structure reverts to 
higher symmetry. 
The atomic coordinates of the assumed structure for 
50 per cent PbZro 3 are listed in Table XVIII. The A-site 
atoms are again maintained at the central positions. The 
TABLE XVIII 
Atomic Coordinates for 50 PbZr03-SO BiFe03 
Atom X _L_ z 
--
BP o.ooo o.ooo 0.000 
ZF 0.502 0.502 0.502 
Ox-1 0.560 0.560 0.000 
Ox-2 0.560 o.ooo 0.560 
Ox-3 o.ooo 0.560 0.560 
0 ago 40' Parameters: a = 4.017 A, a = 
85 
B-site atom is shifted slightly more in the polar direc-
tion than for the 60 per cent sample as are the three 
oxygen anions. This increase of distortion is used in an 
attempt to account for the continuing rise in Curie temper-
ature with BiFe0 3 content. 
Table XIX lists the observed and calculated intensities 
TABLE XIX 
Observed and Calculated Intensities for 50 PbZro 3 -so BiFeo 3 
Observ~d Intensities Calculated Intensities 
Two Theta Total 10% Corrected Cubic Distorted 
Location Counts zro 2 Counts Structure Structure 
12.6 2999 0 2999 0 0 
13.6 12120 magnetic 111 0 0 0 
15.6 24380 0 24380 15042 23286 
17.5 2618 2392 "'0 0 0 
20.0 13980 5860 8120 0 0 
22.1 103560 1640 101920 84582 85332 
24.8 7961 0 7961 0 0 
25.5 5218 macp;:!tic 311 0 0 0 
27.2 114386 6430 107956 98022 88062 
29.2 5527 5843 "'0 0 0 
31.4 185089 6778 178311 186588 164496 
35.2 50137 18721 31416 10782 15816 
28.7 89091 9381 79710 50568 103080 
41.8 6·203 6389 "'0 0 0 
44.9 124445 0 124445 167652 130536 
47.7 38024 0 38024 6750 15306 
for the SO per cent PbZro 3 sample. A 1.2 temperature fac-
tor was used as in all other calculations. The discrepancy 
factors are 26.7 and 19.6 per cent for the cubic and dis-
torted models, respectively. As for the 60 per cent sam-
ple, only the peak at 27.2° shows the incorrect variation 
to reduce the difference between observed and calculated 
86 
intensity. 
Although the presence of impurity phases prevents 
complete structural analysis, the information obtainable 
from the neutron diffraction data on the central region 
of the PbZr03-BiFe03 system allow a limited interpretation 
of the structural conditions. No conclusive evidence of 
superstructure can be found. Therefore, the structure of 
the pseudocubic region is likely based on a distorted 
simple unit cell. The assumed R3 symmetry appears con-
sistent with observed data; however, insufficient data are 
available for an accurate decision on structural symmetry. 
The discrepancy factors for the final structures vary from 
14.5 to 20.7 per cent. These are too high for good struc-
tural comparison but are based on limited refinement and 
incorporate intensities resulting from unknown impurities. 
This permits the conclusion that the rising Curie temper-
ature in the pseudocubic region of the PbZr03-BiFe03 sys-
tem results from a structure of low A- and B-site atomic 
distortion and high distortion of the oxygen octahedra. 
The neutron diffraction studies of the 20 per cent 
Pbzro 3 composition confirm the pseudocubic structure evi-
dent from x-ray patterns. This sample also possesses the 
G-type antiferromagnetic structure. The integrated inten-
sity of the (111) magnetic reflection was studied as a 
function of experimental temperature. The Neel temperature 
of this sample was reported by Latham (1967) from other 
magnetic data to be SlJ•K. The s value calculated for an 
87 
average B-site atom is 4/2. The Brillouin function based 
upon these independent parameters is plotted with the 
intensity data as a function of absolute temperature 
(Figure 18) • Coincidence of the data and Brillouin func-
tion in the low temperature region indicates Van Vleck's 
simplified model holds at temperatures well below the 
Neel temperature. However, short-range ordering persists 
well above the Neel temperature, indicating that the 
magnetic exchange forces are not as temperature dependent 
as proposed by the model. 
C. PbTio 3 -BiFe0 3 Binary System 
Much of the initial interest in this project was 
directed toward the structura~ _ study of the PbTi0 3-BiFe0 3 
system. The introduction of BiFe0 3 into the tetragonal 
atomic lattice of PbTio 3 was reported to cause a phenom-
enally large amplification of distortion. Doubts as to 
the existence of a simple perovskitic structure of such 
high distortion, combined with extreme interest in the 
electrical characteristics of these materials if the struc-
ture did possess such high distortion, prompted the struc-
tural investigation. 
Initial attempts to prepare single phase samples in 
the region of the reported phase transition near 30 per 
cent PbTio 3 were unsuccessful. Solid state reaction of 
ground oxide mixtures in the 750 - 940°C range yielded 
only impure samples with very diffuse x-ray diffraction 
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Figure 18. Temperature dependence of the 
magnetic orderinq in 80 BiFe0 3 -20 PbZr03. 
900 
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a 20-30 per cent region; Fedulov (1964) reported a narrow, 
well defined two phase region. Repetitive sintering and 
annealing of the samples within the low temperature region 
did not improve sample purity. 
Although single phase PbTi0 3 was prepared by reaction 
at only 960°C, the presence of refractory Ti02 and consid-
eration ·of Vegard' s rule indicated the need of higher 
temperatures for preparation of the PbTi03-BiFe03 samples. 
However, at higher temperatures Bi 2 o 3 will fuse. A double 
sinter technique, the first at 800°C and a second at much 
higher temperature, was used and found to produce single 
phase samples. The initial sinter at 800°C results in 
sufficient reaction to incorporate the bismuth in the 
product structure. The high temperature sinter then pro-
vides the thermal energy required to complete reaction. 
A compilation of all sintering data for this system is 
given in Appendix c. 
This investigation shows the central region of the 
PbTio 3-BiFeo 3 system is very dependent on thermal history. 
These data are shown in Table XX. 
The tetragonal structure of PbTi0 3 accepts up to 70 
per cent BiFeo 3 without changing phase. 
The substitution 
results in a dramatic increase in the degree of tetragonal 
d . t " · · t 11 The c/a ratio, ~s ortion of the perovskit1c un1 ce • 
a commonly used measure of tetragonal distortion, varies 
from 1.06 for pure PbTi0 3 to 1.19 for the 70 percent 
90 
TABLE XX 
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BiFe03 composition. This increase in distortion for a 
structure already highly noncubic is interpreted as an indi-
cation that BiFeo 3 has great ability to distort other perov-
skitic structures. This characteristic is consistent with 
the fact that BiFeo 3 cannot be prepared single phase and 
forms few continuous solid solutions. A well defined two 
phase region exists between the tetragonal and rhombohedral 
structures from 71-77 per cent BiFeo 3• The isomorphic 
BiFe03 rhombohedral phase continues from 78 per cent to 
100 per cent BiFe03• The samples are single phase where 
more tnan four per cent PbTi0 3 is present. Samples con-
taining less PbTio 3 show traces of residual Bi203. 
The structural parameters of the PbTi03-BiFe03 systems 
91 
are compiled in Table XXI. 
TABLE XXI 
Structural Parameters of the PbTJ.·o 3-a1·Feo 3 a· 1.nary System 
Composition 
(Mole % 
PbTi0 3 ) 
Structurea Parameters Volume 
0 0 
a(A) c(A) (deg) 
100 T 3.aga 4.146 62.g96 
go T 3 . a92 4.162 63.045 
ao T 3 . aa6 4.lg6 63.364 
70 T 3 . aao 4.244 63.a91 
60 T 3 . as4 4.310 64.0la 
50 T 3 . a44 4.3aa 64.a3a 
40 T 3.ala 4.460 65.014 
30 T 3.aoa 4.524 65.602 
2a T 3.ao 4.53 65.4 
Rb 3 . g6 
26 T 3 . ao 4.53 65.4 
Rb 3.96 
24 T 3.ao 4.53 65.4 
R 3.96 ago 33' 62.1 
22 R 3.956 ago 33' 61.906 
20 R 3.gsa ago 33' 62.000 
10 R 3.95a ago 32' 6l.g9g 
0 R 3.gsa ago 30' 6l.gga 
a Structural notation: T(tetragonal), R (rhombohedral) 
b Angle undetermined. 
Figure 1g shows the variation in structural parameters 
with composition for the PbTi0 3-BiFe03 system. The "c" 
parameter lengthens nearly 10 per cent as sample composition 
changes from pure PbTio 3 to 70 per cent BiFe03. In reaction 
to the stretching of the "c" dimension, the "a" parameter 
contracts slightly in the same concentration range. The 
combined effect of the two parameter changes is a relatively 
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increase of distortion •. 
The variation of Curie temperature determined by 
dielectric measurements for the PbTio 3-BiFeo 3 system is 
shown in Figure 6. The temperature at which the tetra-
gonal structure reverts to cubic symmetry increases mono-
tonically across the entire binary system showing only 
a slight decrease in the two phase region. The increased 
distortion of the tetragonal unit cell caused by addition 
of BiFe03 suggests an increasingly higher level of atomic 
thermal vibration would be necessary to produce a cubic 
structure. x-ray data give no indication the polar ferro-
electric cell alters its symmetry over the tetragonal 
phase region. 
At the tetragonal-rhombohedral phase boundary, the 
unit cell experiences a marked decrease in volume (Figure 
20) • This change is opposite the volume changes occurring 
in the systems of BiFeo 3 with PbZro 3 , already discussed, 
and PbZr Ti o to be covered later in this investi-
o.s o.s 3 
gation. The unit cell volume shows negligible change in 
the rhombohedral phase region. The increase in Curie 
temperature as BiFeO content increases in the rhombohedral 
3 
Phase is therefore attributed to an increase in puckering 
of the oxygen octahedra. This type alteration of the 
oxygen arrangement can markedly increase the electrical 
distortion, and thereby raise the curie temperature, without 
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A limited neutron diffraction study was made at room 
and high temperatures of a 20 per cent PbTio 3 sample . The 
room temperature pattern showed this composition has the 
G-type magnetic arrangement and superlattice peaks charac-
teristic of the multiple-cell rhombohedral nuclear struc-
ture. Therefore, this sample is an isomorph of BiFeo 3 • 
The temperature dependence of the integrated intensity of 
the magnetic (111) peak is shown in Figure 21. The Bril-
louin function generated from Latham's (1967) 435° K Neel 
temperature and a weighted S value, (4/2), are plotted on 
the same graph. The short-range antiferromagnetic ordering 
which is characteristic of perovskitic materials causes 
the data to lie above the Brillouin function at higher 
temperatures. 
D. 
The system PbZro.sTi 0 • 5o 3-BiFe0 3 was synthesized and 
its structure studied in an attemp t to better define the 
rhombohedral region surrounding BiFe03 in the ternary 
BiFeo 3-PbZro 3-PbTi0 3 system. 
Following the procedure of Clarida (1966), all samples 
in the system were sintered for two hours at asooc. Solid 
state reaction under these conditions yields samples which 
analyze single phase by x-ray powder diffraction. In some 
sintered samples, a small amount of free zirconia (Zr02) 
was observed as Clarida reported, but its presence causes 
no problem in structural analysis; therefore, no attempts 
were made to vary sintering conditions in such a way as 
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Figure 21. Temperature dependence of the magnetic 
ordering in 80 BiFeo 3 -20 PbTi03. 
97 
to eliminate the ZrOz in all cases. The sintering data 
are listed in Appendix c. 
The PbZro.sTio.s03 composition lies in the tetragonal 
region of the binary system, only five to six per cent 
from the tetragonal-rhombohedral phase boundary. The 
addition of 20 per cent BiFe03 brings the sample into a 
two phase region which exists along this compositional 
line to beyond the 40 per cent BiFe03 composition. All 
other phase transitions within the ternary system under 
investigation have proven to be highly sensitive to the 
thermal history of the particular samples prepared and 
analyzed. Commensurate with this evidence the position 
of this two phase region could probably be altered by 
variation of thermal treatment. x-ray powder diffraction 
analyses show all samples containing 50 per cent or less 
PbZr 0 • 5Ti 0 • 5o 3 to be isostructural to rhombohedral BiFe03. 
Table XXII is a compilation of structural data for the 
PbZro.sTi 0 • 5o 3-BiFe03 system. 
Substitution of BiFe0 3 into PbZro.sTio.s03 reduces 
the tetragonal distortion of the unit cell. This effect 
of BiFeo 3 addition lowering unit cell distortion is similar 
to the case of PbZr03• It is dramatically opposite the 
effect observed for PbTi0 3 although the samples lie within 
the same tetragonal phase region. The substitution of 
zirconium for titanium at B sites decreases the capacity 
for -distortion of the unit cell. 
The int~oduction of PbZro.sTio.s03 into BiFe03 improves 
98 
samp l e pur ity , a s does PbTi03. The 10 per cent PbZro.s'I'io . s0 3 
composition is single phase r hombohedr al showinq nearly 
the same degree of distortion in pure Bi Fe o 3• Further 
addition of PbZro.sTio.s03 continuously r educes the rhom-
bohedral distortion. The central reg ion of t he system 
possesses low distortion and the exact s p litting of peaks 
used to calculate the rhombohedral angle is q uestionable 
for samples containing 60 and higher per cent PbZro .sT~.s 03. 
Therefore, these angles are presented in Table XXII with 
TABLE XXII 
Structural Parameters of the PbZro. sTi o . s0 3- BiFe03 System 
Composition Structure a Paramete rs Volume 
( Mole % 0 0 0 
PbZro.sTio.s 03) a (A) c{A) (deg) (A 3) 
100 T 4.034 4.136 67 . 306 
90 T 4.026 4.lla 66 . 474 
80 T 4.002 4.106 65 . 762 
Rb 4.03 64 . 6 70 T 3.97a 4.0a4 
Rc 4.026 a9° 46' 65 . 3 
60 T 3.9a 4.0a 64 . 6 
R 4.01a ago 50 ' 64 . 866 
50 R 3.99a ago 4 a ' 63 . 902 
40 R 3.9a6 ag o 45 ' 63 . 423 
30 R 3.9aO ago 40 ' 63 . 041 
20 3.968 ago 33' 62 . 471 R 31' 62 . 092 10 3.960 8go R ago 30 ' 61 . 998 0 R 3.958 
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Variation in unit cell volume for the Pb Zr Ti o -0 • 5 0 • 5 3 
BiFe03 binary system is pictured in Figure 23. The vo l ume 
generally decreases in proportion to BiFeo 3 content (see 
Figure 23) • This behavior is consistent with the smalle r 
ionic size of bismuth relative to the lead. At the phase 
transition, the rhombohedral cell possesses a decidedly 
larger volume than the corresponding tetragonal cell. The 
increased cell volume is indicative of higher distortion 
of a ferroelectric type. Reference to Figure 6, showing 
the Curie temperatures of this system, shows the cubic 
transition temperature first falling as distortion lessens 
in the tetragonal region but then beginning to rise in t he 
area of the phase transition. The curie temperature con-
tinues to rise toward an extrapolated value of 900°C for 
pure BiFeo 3 • The increase in distortion of the rhombohe-
dral cell as measured by its angle, a, shows remarkable 
similarity to the curie temperature, even to the variation 
in rate of change near the 80 per cent composition. 
E. PbZr 0 • 9Ti 0 . 1o3 and PbZro.saTio.42o3. 
The preliminary phase diagram for the BiFe03-PbZr03-
PbTi03 ternary system prepared by Clarida (1966) and repro-
duced in Figure 5 shows the rhombohedral phase region ex-
tending from pure BiFe03 between the tetragonal and ortho-
rhombic regions completely to the PbZr03-PbTi03 binary 
system. These· data indicate the rhombohedral structures 
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Cook (1966a) reported the rhombohedral region of the 
PbZr03-PbTi03 system actually includes two rhombohedral 
structures, the difference in which can only be detected 
by electrical measurement. The structural investigation 
of the PbZro.sTio.s03-BiFe03 system yielded data showing 
a rhombohedral structure of low distortion occurring in 
the central area of the ternary diagram. These data 
place the existence of a continuous rhombohedral region 
in doubt. 
Cook provided a series of powdered samples from the 
PbZr0 3-PbTio 3 system for our further investigation. 'The 
samples contained a binder which was removed by a 24 hour 
anneal at 700°C. Two samples, PbZro.gTio.t03 and 
PbZr 0 • 58Ti 0 • 42o 3 were selected for study. The PbZr~sa~.~o3 
composition is centered in the narrow arm of the "high 
temperature" rhombohedral phase at room temperature {see 
Figure 4) • cook ( 1966b) suggested study of the PbZro.9Tio.103 
composition because his work showed this sample to be more 
characteristic of the "low temperature" rhombohedral phase 
than a more centered composition. 
X-ray powder diffraction patterns were prepared on the 
two samples to confirm structural parameters. Both patterns 
were indexed on a simple rhombohedral unit cell with the 
following parameters: 
PbZro. 9 Tio. 103: 
0 
a = 4.130 A a = ggo 44' 
103 
0 
a = 4.070 A a= 89° 39' 
The complete indexing of both x-ray patterns is given in 
0 
Appendix E. Only the one small peak with 3.23 A d-spacing 
in the pattern of PbZr 0 • 9Ti 0 • 1 o 3 gives indication of a 
difference in atomic structure. This peak occurs at the 
exact location of the major peak of a Tio2 phase and very 
near the position of several other titanium and lead com-
pounds which could form in the preparation of PbZr 0 • 9Ti 0 • 1o 3 • 
Therefore, this single peak cannot be used as conclusive 
evidence of superstructure or two different rhombohedral 
structures. 
Room temperature neutron diffraction patterns were 
prepared on the PbZro.9Tio.103 and PbZro.saTio.4203 samples 
to complement the x-ray studies. Sketches of the two pat-
terns appear in Figures 24 and 25. The patterns are 
similar except for intensity variations and the presence 
of the two small peaks at 25.3° and 40.3° of 28 in the 
PbZr 0 • 9Ti 0 • 1 o 3 pattern. Intensity data taken on the nickel 
standard allow the intensity calculations to be placed on 
an absolute basis. No absorption data were taken; there-
fore, the absorption corrections were calculated by averag-
ing the linear absorption corrections of the constituent 
elements in ~roportion to mass fraction as discussed by 
Bacon (1962). This technique may reduce absolute accuracy 
but keeps structural calculations for the two compositions 


















(221) (311) (222) 
to ( 317) (22 21 (221) ( 3 IO) (311) 
(310) 
50 
















































No attempt was made at complete solution of the atomic 
structure. Structural calculations were made only to cor-
roborate or negate the work of Cook (1966a) suggesting the 
two rhombohedral regions in the PbZro 3-PbTi0 3 phase diagram. 
The structural calculations were based on the R3m space 
group which is consistent with x-ray and electrical data. 
Cell parameters determined by x-ray analysis were used in 
the calculations. A temperature factor of 1.0 was used 
for all atoms. The structural parameters and atomic 
coordinates for both assumed structures are given in Table 
XXIII. The lead atom is shifted slightly along the [111] 
direction as suggested by Cook (1966a). 
TABLE XXIII 
Assumed Atomic Structures for 
0 0 
a = 4.130 A a = 89° 44' a= 4.070 A a= 89° 39 1 
X _x_ z ATOM X _x_ z 
-- --
0.030 0.030 0.030 Pb 0.030 0.030 0.030 
0.500 0.500 0.500 B 0.500 0.500 0.500 
0.500 0.500 0.000 01 0.500 0.500 0.000 
0.500 0.000 0.500 Oz 0.500 0.000 0.500 
0.000 0.500 0.500 03 0.000 0.500 0.500 
The experimental and calculated intensities for all 
peaks of PbZro.9Tio.10 3 and Pbzr 0 • 58 Ti 0 • 42 o 3 are compared 
in Table XXIV. Because all calculated intensities are 
lower than the respective experimental values, the absorp-
tion corrections calculated are probably too large. The 
107 
relative differences between calculated and experimental 
intensities indicate the atoms, particularly the oxygen, 
are shifted significantly from the ideal positions assumed. 
TABLE XXIV 
Neutron Diffraction Intensities for 
PbZr 0 • 9 Ti 0 • 1o3 PbZr 0 • 58Ti 0 • 42 o3 
Angle Intensities Intensities Angle 
2e(deg) Expt. Calc. Expt. Calc. 2 e (de g) 
15.20 4345 798 852 3612 15.40 
21.55 18572 11159 6081 11489 21.85 
25.30 2013 
26.50 31843 27641 41293 56002 26.90 
30.70 43405 33130 31348 46412 31.10 
34.30 9422 2099 1895 9117 34.80 
37.80 19598 6936 6088 14137 38.30 
40.30 717 
43.90 33508 29770 28059 34544 44.60 
46.50 10820 2268 1986 7060 47.30 
49.40 5743 3892 2577 4245 50.10 
52.00 10291 18070 26952 25575 52.90 
54.50 10645 11944 11216 12753 55.30 
56.70 6471 1624 1402 58J5 57.50 
The simple cell structure generates all diffraction 
peaks except the two minor peaks in the PbZro.9Tio.103 
pattern. Neither of these peaks corresponds to the extra 
small peak in the x-ray pattern of the sample and therefore 
must result from atomic superstructure. The increased pro-
portion of the negative titanium scattering length in the 
average scattering length used for the B-site atom alters 
calculated intensities markedly. The change in calculated 
intensity varies directly as the change in experimentally 
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determined intensity for seven of the twelve peaks. For 
the other five peaks the variation in calculated intensities 
is opposite that found experimentally. The variation in 
nuclear scattering length of the B-site atom· could possibly 
cause the two superlattice peaks to disappear without a 
structural change, but this must be considered improbable 
in light of the other intensity variations in the same 
samples. 
A conservative evaluation of the x-ray and neutron 
powder diffraction data from the two samples indicates 
PbZro.9Ti 0 • 1 o 3 definitely possesses a multiple-cell struc-
ture whereas PbZr 0 • 58 Ti 0 • 42 o 3 probably has a distorted 
simple unit cell. This is consistent with Cook's (1966a) 
interpretation of his electrical data. This work does not 
confirm the location of his proposed boundary between the 
two rhombohedral regions because it only indicates the 
phase transition at room temperature lies somewhere between 
the two compositions studied. Thermodynamic considerations 
favor higher crystal symmetry at higher temperature. The 
proposed multiple-single cell relationship is thereby ther-
modynamically compatible with Cook's phase diagram. 
The neutron diffraction data on these two zirconate-
titanate compounds provide no conclusive evidence regarding 
the continuity of the rhombohedral phase region across the 
ternary system. The high temperature rhombohedral phase 
of the PbZro 3 -PbTi0 3 does not possess superstructure iso-
morphous to BiFeo 3 • The low temperature rhombohedral 
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region does possess a multiple-cell structure with its 
superlattice peaks occurring at the same angular positions 
as those of BiFe0 3 • Determination of the degree of simi-
larity between the BiFe0 3 rhombohedral phase and the low 
temperature Pb(ZrTi)03 rhombohedral phase awaits solution 
of either of the structures. With the structure of BiFeo 3 
solved, for example, the proper exchange of scattering 
lengths in the intensity calculation is all that would 
be required to generate the intensities for an isostruc-
tural PbZro gTio 103. If only minor atomic shifts were 
. . 
needed to develop the proper neutron diffraction pattern 
for PbZro.gTio.10 3 the two structures would belong to the 
same phase region with only a dimunition in distortion 
evident in the central region of the ternary diagram. 
With present data, the continuity of the two rhombohedral 
regions is uncertain, but must be considered improbable. 
F. BiFe0 3 -PbZro 3 -PbTi0 3 Ternary System 
The structural investigation of the three pseudo-
binary systems, BiFeo 3-PbZr03, BiFe03-PbZro.sTio.s03, and 
BiFeo 3-PbTio 3 provides additional data allowing refinement 
of the work of Clarida (1966) on the BiFe03-PbZr03-PbTi03 
phase diagram. The room temperature phase diagram of the 
BiFeo 3 -PbZro 3 -PbTi0 3 ternary system is shown in Figure 26. 
Th~ single cell tetragonal structure is assumed by 
all compositions containing 50 per cent or more PbTi03 with 
the tetragonal phase boundary running almost straight 
LEGEND 
Ra - BiFe03 rhombohedral cell 
Cp - Pseudocubic cell 
T s - Simple tetragonal cell 
Rp - Pb(Zr,Ti)03 rhombohedral cell 
OM- Multiple orthorhombic cell 
Crosslini ng - Two phase regions 
110 
Crosshatching ... M ultiphase or uncertain regions 
BiFe03 
Figure 26. Room temperature phase diagram of the 
pseudo-ternary BiFe03-PbZr03-PbTi0 3 system. 
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between the BiFe03-PbZro 3 and BiFeo 3-PbTio 3 binary systems. 
Addition of BiFe0 3 to the tetragonal structure of PbTio 3 
produces a large increase in tetragonal distortion. How-
ever, replacement of the titanium ions with zirconium 
results in a decrease of tetragonal distortion. The in-
corporation of only 10 per cent Pbzro 3 into the highly dis -
torted BiFe03-PbTi0 3 samples near the two phase region 
causes the structure to revert from tetragonal to rhombo-
hedral structure. Using the Curie temperature as a measure 
of distortion (see Figure 6), increase of zirconium content 
always results in a lowering of atomic distortion. 
As shown by the structural analysis of the three 
binary systems BiFeo 3-PbZro 3 , BiFe03-PbZro.sTio.s03, and 
BiFeo 3-PbTio 3 , addition of Pb(ZrTi)03 to BiFe03 results 
in a reduction in rhombohedral distortion. The BiFe03 
rhombohedral phase extends along the BiFe03-PbZro.sTio.s03 
system line to the 50 per cent composition. Samples of 
lower BiFeo 3 content are two-phase and the distortion of 
the non-tetragonal phase is so low as to prevent identi-
fication. In Table XIII this phase is labeled rhombohedral 
for consistency, but it probably includes several indistin-
guishable pseudo-cubic phases. Addition of over 30 per 
cent BiFeO to rhombohedral phase Pb(ZrTi)03 compositions 
3 
reduces rhombohedral distortion to a limit undeterminable 
by x-ray analysis. The similar loss of distortion ex-
Perienced as the two rhombohedral phase regions extend 
toward the center of the ternary system indicates the 
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rhombohedral region is not continuous across the phase 
diagram. Two phase regions of the approximate width 
shown in Figure 26 exist between the tetragonal phase 
region and the two rhombohedral phase regions. The loca-
tion of these multi-phase regions varies with the thermal 
history of the samples and their width must be considered 
only qualitative. 
The multiple-cell orthorhombic phase extends only 
over a small region near pure PbZro 3 • Addition of BiFeo 3 
and PbTi03 to PbZro 3 result in a rapid decrease of struc-
tural distortion and subsequent phase transitions. 
All samples of low PbTi0 3 content in the BiFeo 3-PbZro 3-
PbTi03 ternary system are multiphase making accurate delin-
eation of the phase regions impossible. The low symmetry 
rhombohedral phases become indistinguishable from the 
pseudocubic phase in the central regions of the ternary 
diagram. The phase boundaries in Figure 26 are constructed 
to define areas of known structure. The crosshatched areas 
in the phase diagram, therefore, include all areas for 
which the crystal structure cannot be ascertained. 
G. Bi 2 Fe 4 o 9 
To supplement the structural investigation of pure 
BiFeo 3 , polycrystalline Bi 2Fe 4 o 9 was prepared for nuclear, 
electrical, and magnetic studies of its possible effect 
as an impurity in pure BiFeo 3 and BiFe03 solid solutions. 
The ai 2 Fe 4o9 powdered samples were prepared as a 
single phase by solid state reaction of. a Bi203•2Fe203 
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mixture at 850°C for 2 hours. The best sample purity 
was achieved by pressing the oxides into pellets before 
sintering. The pellets were surrounded with Fe2o3 powder 
during reaction in an attempt to control stoichiometry 
of the product. The outer surface of the pellets was 
removed completely before the pellets were ground to 
assure no excess Fe 2o3 remained in the samples analyzed. 
Samples prepared in the presence of Fe 2o3 produced slightly 
better x-ray patterns than those open to the air atmos-
phere during sinter. This slight improvement tended to 
give reason for use of the Fe203. No residual Fe203 
contaminant could be detected in the Bi2Fe409 samples 
prepared. Sintering data are listed in Appendix C. 
X-ray powder diffraction data of the Bi2Fe409, listed 
in Appendix E, agree well with the published work of 
Koizumi (1964). The orthorhombic structural parameters 
of the sample are slightly smaller than those reported by 
Koizumi as shown by direct comparison below. 
0 0 0 
a= 7.950 A, b = 8.428 A, c = 6.005 A 
0 
a = 7.88 A, 
0 
b = 8.34 A, 
0 
c = 5.96 A 
These differences are considered minor as no attempt was 
1 t ·on Much of the dif-made at precise parameter eva ua J. • 
ference in unit cell volume may be attributed to the fact 
the data f Sl.
·ngle crystal and polycrystalline 
compared are rom 
samples. Slight variation in stoichiometry of the two sam-
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ples, which is likely because of the completely different 
techniques of preparation involved, could alter the cell 
parameters as much as the differences shown above. 
Neutron diffraction patterns were prepared of Bi 2 Fe 4 o9 
at 25, 77, 298, and 577°K. The larger unit cell of the 
structure ascertained by Niizeki (1966) generates a com-
plex neutron diffraction pattern. No attempt was made to 
analyze the patterns in more than a qualitative manner. 
Sketches of the 77 and 577°K patterns are given in Figure 
27. The 577°K data agree well with the neutron diffraction 
pattern generated ~y the POWD computer program using the 
atomic coordinates proposed by Niizeki*. The pattern 
exhibits two small spurious peaks at approximately 13 and 
14° of 2e not attributable to the nuclear structure. Al-
though these peaks overlap both furnace and Bi2Fe409 peaks, 
making reliable intensity and temperature dependence 
characterization impossible, they must be considered 
indicative of low level impurity content. 





o9 reveal a number of temperature dependent 
peaks. These magnetic structure reflections do not coin-
cide with the nuclear peaks, although a degree of overlap 
occurs because of pattern complexity. The independent 
d magnetic patterns is character-quality of the nuclear an 
istic of antiferromagnetic ordering. 
This is consistent 
Of f 1.nding ai2Fe 4o9 to be anti-with Tutov's (1964) report 
*Refer to the Literature Review, section G. 
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ferromagnetic by direct magnetic susceptibility measure-
ments. Because of the complex spatial arrangement of the 
magnetic iron atoms, no attempt was made to further analyze 
the antiferromagnetic structure of Bi2 Fe 4o9 • Magnetic 
studies by Latham (1967) show that the presence of a con-
centration of Bi 2 Fe 4 o 9 below the limits of x-ray sensi-
tivity could not produce a marked affect on the magnetic 
properties attributed to pure BiFe03. 
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V. SU~~RY AND CONCLUSIONS 
This work has resulted in the synthesis of pure, 
polycrystalline BiFe03. Many of the earlier investiga-
tions of BiFe03 are of limited value because the BiFeo 3 
samples studied were not single phase. Some authors 
note the impurity of the samples studied; others make 
no report on sample inhomogeneity. All attempts to pre-
pare single phase BiFe0 3 by solid state reaction of 
Bi203•Fe203 mixtures have produced multi-phase samples 
containing both Bi 2Fe 4 o9 and residual Bi 2o 3 • These same 
impurities were probably present in all samples prepared 
by this method, although not correctly characterized and 
reported in most cases. Excess Bi 2o 3 in the reaction 
mixture prevents the formation of Bi 2Fe 4o9 during a 75ooc 
sinter. The residual Bi2o3 can be preferentially leached 
from the reaction products by a multiple-step nitric acid 
leach. The polycrystalline BiFe03 prepared by this tech-
nique have been shown to be single phase and structurally 
uniform by both x-ray and neutron diffraction. A dielec-
tric constant of over 1000 (at the Curie point) , compared 
with a 150 value reported by Krainik (1966), seems to 
confirm the improved purity of these leached samples. 
The x-ray powder diffraction pattern of BiFe03 can 
be indexed by a simple rhombohedral unit cell. The neutron 
the Presence of nuclear peaks POwder diffraction data show 
Cell and therefore indic tive not attributable to a simple 
11 8 
of superstructure. Complementary neutron diffraction 
studies of Bi2Fe409 show that these extra peaks appear-
ing in the BiFe03 neutron data are not a result of this 
impurity. Although a rhombohedral cell containing two 
formula units can generate reflections at the positions 
of the superstructure peaks, a nuclear model could not 
be found which would develop the superlattice peaks 
present but not additional peaks. The initially assumed 
R3m symmetry was reduced to R3 in an attempt to lower 
the intensity of the spurious (111) nuclear peak. A 
nuclear structure model based on a distorted oxygen 
octahedra in conjunction with the positions of bismuth 
and iron reported by Tomashpolskii (1964) could not be 
developed by trial and error methods to adequately ex-
plain the BiFeo 3 neutron diffraction data. 
Smith's (1967) high temperature dielectric studies 
of the pseudo-binary systems BiFe03-PbZr03, BiFe03-
PbZro.sTio.so3, and BiFe0 3-PbTi0 3 indicated either f e rro -
or antiferroelectric behavior for BiFe0 3 • Howe ver, t he 
dielectric measurements did not offer evidence a s t o t he 
exact nature of the electrical properties of Bi Fe0 3 . A 
multiple nuclear cell, while normally associated with 
antiferroelectricity, can also support ferroelectricity 
if the nuclear structure generates a net electrica l 
moment instead of two cancelling moments. 
The G-type antiferromagnetic structure o f Bi Feo 3 has 
been confirmed by neutron diffraction analyses. The 3 80 °C 
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Neel temperature determined by Latham (1967) with magnetic 
susceptibility measurements is consistent with Van Vleck's 
simplified model for the variation of magnetic peak in-
tensity with experimental temperature. The magnetic peaks 
remain visible in the neutron diffraction pattern to tem-
peratures far above (>100°) the Neel temperature. This 
indicates the presence of short range magnetic ordering 
above temperatures at which long range magnetic order is 
thermodynamically stable. Ordering of the magnetic moments 
of iron ions occurs at liquid helium temperature (4.2°K) 
for PbZro 3-BiFe0 3 samples containing only 20 per cent 
BiFeo 3 • The iron moments must, therefore, have a strong 
tendency to couple through the intervening oxygen anion. 
The Neel temperatures of the PbZr03-BiFe03 and PbTi03-BiFe0 3 
systems lie just above and below, respectively, the Neel 
temperatures predicted by Smolenskii's (1965) theoretical 
model for binary perovskite systems. This difference in 
the two systems is best explained by the lower distortion 
from linearity of the Fe-0-Fe bonds in the PbZr03-BiFe03 
system. 
Investigation of the BiFe03-PbZr03-PbTi03 system 
indicates BiFe0 3 must assume such a highly ~istorted 
perovskitic structure that it is almost thermodynamically 
unstable. This is consistent with the requirement of a 
reaction temperature very close to its decomposition tem-
perature and the formation of Bi2Fe409 in a mixture 
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stoichiometrically favorable to pure BiFeo 3 • Addition 
of BiFe03 to stable perovskites has dramatic effect. 
BiFe03 causes tetragonal PbTi0 3 to assume extremely high 
structural distortion and orthorhombic Pbzro 3 to revert 
to pseudo-cubic symmetry. 
The results of addition of BiFeo3 to the multiple-
cell orthorhombic structure of PbZro 3 provides an inter-
esting structural explanation of the change from anti-
ferroelectricity to ferroelectricity. The PbZro3 struc-
ture is centro-symmetric and hence antiferroelectric by 
Kittel's (1951) model only in the ab plane. The oxygen 
octahedra are polar in the [001] direction, which could 
make PbZr0 3 ferroelectric. However, no electrical 
hysteresis or spontaneous moment can be found. This indi-
cates Kittel's model for an antiferroelectric is an over-
simplification of the correct structural requirements. 
The electrical characteristics of PbZr0 3 are best 
explained by consideration of the atomic positions of Pb 
ions in the Pbzro 3 -BiFe0 3 system. In PbZr0 3 , the Pb ions 
(see Table III) are highly shifted in the ab plane. A 
reversal of the polar nature of the oxygen octahedra 
would require a reversal of the shifts in the Pb sub-
lattice as well. The reason a hysteresis effect is not 
observed is that reversal of the Pb sublattice by a strong 
electric field has such a high energy requirement as to 
make a phase transition more favored. Therefore, the polar 
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structure of PbZr0 3 is not reversible and it is a true 
antiferroelectric although non-centrosymmetric. Addition 
of BiFe0 3 to PbZr0 3 causes the Pb ions to shift toward 
the cubic positions. This lessening of distortion explains 
the lowering of the Curie temperature in this region. At 
25 per cent BiFe0 3 content the Pb ions are in nearly cubic 
positions while the oxygen octahedra have retained a high 
degree of distortion. The lower distortion of the Pb 
sublattice now permits the oxygen polar arrangement to be 
reversed by an externally applied electric field, thereby 
making the structure exhibit ferroelectric behavior. 
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The following is a list of the materials used in this 
investigation. A detailed analysis of each may be obtained 
from the chemical cata~og of the respective manufacturer. 
1. Bismuth trioxide (Bi 2 0 3). Certified reagent grade j 
Fisher Scientific Company, Fairlawn, N.J. 
2. Iron oxide (Fe 2 03). Chemically pure grade, J.T. 
Baker Chemical Company, Phillipsburg, N.J. 
3. Lead oxide (PbO). Laboratory chemical grade (mono-
yellow), Fisher Scientific Company, Fairlawn, N.J. 
4. Titanium oxide (Ti0 2 ). Certified reagent grade, 
Fisher Scientific Company, Fairlawn, N.J. 
s. Zirconium oxide (Zr0 2 ). Laboratory chemical grade 1 




The following is a listing of the major equipment used 
in this investigation. 
1. Analytical Balance. Sartorius, Type 2403 (single-
pan), 0-100 gm capacity, 0.00001 gm sensitivity; located in 
the Graduate Center for Materials Research, University of 
Missouri at Rolla. 
2. Mortar and Pestles. Agate and Porcelain, Fisher 
Scientific Company, Fairlawn, New Jersey. 
3. Automatic Mortar and Pestle. Model 155, Fisher 
Scientific Company, with high density alumina mortar and 
pestle; located in the Graduate Center for Materials 
Research, Universit~ of Missouri at Rolla. 
4. Ball Mill. Variable speed, 250 ml polyethylene 
bottle with 0.4 inch ceramic balls; located in the Graduate 
Center for Materials Research, University of Missouri at 
Rolla. 
s. Pellet Die. High strength steel, 0.500 inch dia~ 
meter, fabricated by Detroit Tool and Engineering, Lebanon, 
Missouri. 
6. Morganite Crucible. Recrystallized alumina, Type 
N4429, Morgan Refractories, England. 
7. Furnace. Platinum-wound resistance, temperature 
limit 1300°C~ temperature fluctuation ±10°C; located in the 
Graduate Center for Materials Research, University of 
Missouri at Rolla. 
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9. Furnace. Kanthal-wound resistance, temperature 
limit 960°C, temperature fluctuation ±l5°C; located in the 
Graduate Center for Materials Research, University of 
Missouri at Rolla. 
10. X-ray Diffractometer. Norelco, No. 12045 B/3; 
located in the Ceramics Department, University of Missouri 
at Rolla. 
11. X-ray Diffractometer. General Electric, Model BR, 
Type 1; located in the Ceramics Department, University of 
Missouri at Rolla. 
12. X-ray Diffractometer. Siemens Crystalloflex IV, 
Type U 13; located in the Graduate Center for Materials 
Research, University of Missouri at Rolla. 
13. Debye-Scherrer Camera. Straumanis type; located 
in the Graduate Center for Materials Research, University 
of Missouri at Rolla. 
14. Neutron Diffractometer. Nonmagnetic diffractometer 
with cryostat, temperature range 4.2 - 298°K, neutron wave-
0 length 1.093 A; located at HB-2, Oak Ridge Research Reactor, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
15. Neutron Diffractometer Furnace. Platinum-wound 
resistance, temperature range 23 - 400°C, fits nonmagnetic 
diffractometer with cryostat in place; Oak Ridge National 
Laboratory. 
16. Neutron Diffractometer. Magnetic diffractometer 
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with cryostat, temperature range 1.7 - 298°K, neutron 
0 
wavelength 1.085 A; located at HB-3, Oak Ridge Research 
Reactor, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
17. Neutron Diffractometer Furnace. Platinum-wound 
resistance, temperature range 23 - 700°C, fits magnetic 





Notes. 1. Sample compositions are given in mole percentage. 
In binary systems the percentages are listed in 
the same order as the table heading. 
2. A letter following the sample number signifies 
resinter of the previous sample. 
3. Method of mixing is shown with the length of the 






CP ••••••••••• Co-precititated 
MP ( ) 
BM( 
Mortar and Pestle 
Ballmilled 
4. Form designation shows if the sample was sin-
tered pressed as a pellet (P) or unpressed as 
a powder (U) • 
5. The type of atmosphere maintained in the furnace 
during sintering is denoted by: 
He • • • • • • • • • • • Helium 
CLSD ••••••••• Uncirculating air 
VAC •••••••••• Forepump vacuum 
02 ••••••••••• Flowing oxygen 
6. Method by which the sample was cooled 
following sintering is denoted by {S) for 
slow cooling and (AQ) for air quenching . 
7. Results of the sample sintering or x-ray 
analysis are designated where appropriate 
by: 









BiFe0 3 , BISMUTH FERRATE 
--
SAMPLE SINTER ANNEAL 
No. Composition* Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs oc Hrs oc 
1 100 HG (2) p 3 740 He s r.1P 
2 100 HG (2) p 2 820 He s MP 
3 100 HG(2) p 3 820 He s MP 
4 100 HG(2) p 1.5 880 He s MP 
5 100 HG(2) p 2 880 OPEN s MP 
6 100 HG (2) u 3 860 CLSD s MP 
6a RGRND p 1.5 840 CLSD s MP 
6b 0.05%Cu0 RGRND p 1.5 860 CLSD s MP 
7 100 HG (2) u 3 720 CLSD s 
7a RGRND u 3 720 CLSD s 
7b RGRND p 6 720 CLSD s MP 
7B 0.05%Cu0 RGRND p 6 720 CLSD s MP 
7C RGRND p 4 820 CLSD s MP 
7D RGRND u 1.5 920 CLSD s MP 
8 100 HG (5} u 3 860 CLSD s 
8a 0.01%Cu0 RGRND p 1.5 840 CLSD s MP 
8b 0.02%Cu0 RGRND p 1.5 880 CLSD s MP 
8c RGRND u 8 860 CLSD s MP 
9 l%Cu0 RGRND u 3 840 CLSD s MP 
9a RGRND p 2 840 CLSD s MP 
9b RGRND u 12 840 VAC s MP 
9c RGRND p 2 840 CLSD s M.P 
10 0.05%Cu0 HG (2} u 3 840 CLSD s 
lOa RGRND p 3 840 CLSD s ~ 
lOb RGRND u 3 810 VAC s 
w 
.:::. 
lOc RGRND p 2 840 CLSD s MP 
SAMPLE SINTER ANNEAL 
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs esc Hrs oc 
lOd RGRND u 2 890 OPEN s MP 
lOe RGRND u 2 840 OPEN s MP 
10£ 0.5%Cu0 RGRND u 3 840 CLSD s 
lOg RGRND p 1.5 840 2 820 CLSD s MP 
11 CP u 3 660 OPEN s MP 
lla O.S%Cu0 RGRND p 3 770 OPEN s MP 
llb RGRND u 3 870 OPEN s MP 
12 100 CP u 3 520 OPEN s MP 
13 o.l%Cuo MP (4) u 3 820 CLSD s MP 
13a RGRND p 3 820 CLSD s MP 
13b 0.05%Cu0 RGRND p 3 820 CLSD s MP 
14 O.OS%PbTi03 MP (4) u 3 880 CLSD AQ MP 
15 100 MP (4) u 1 800 1 920 CLSD AQ FUSED 
16 100 MP (4) u 1 800 1 770 CLSD AQ MP 
17 100 MP (4) u 1 800 1 880 CLSD AQ MP 
18 100 MP (4) u 48 800 02 AQ MP 
19 1%Bi 203 MP (4) u 2 870 CLSD AQ MP 
20 1%Bi 203 MP (4) u 2 890 CLSD AQ FUSED 
21 1%Bi 203 MP (4) u 5 730 CLSD AQ MP 
22 1%Bi 203 MP (4) u 5 695 CLSD AQ MP 
23 1%Bi 20 3 MP (4) u 5 750 CLSD AQ MP 
24 100 BM( 4) u 4 725 CLSD AQ MP 
25 100 BM( 4) u 2 760 5 790 CLSD AQ MP 
26 100 BM(4) u 5 725 CLSD AQ MP 
26a RGRND u 3 700 CLSD AQ MP 
26b RGRND u 3 700 CLSD AQ MP 
26c RGRND u 3 700 CLSD AQ MP 
27 1%PbFe02 s HG (1) u 5 760 CLSD AQ MP ...... . HG ( 1) u 3 850 CLSD AQ MP w 28 1%PbFe02.s V1 
29 1%PbTi03 HG ( 1) u 3 750 CLSD AQ MP 
30 1%PbTi03 HG ( 1) u 3 855 CLSD AQ r.w 
31 2%PbTi03 HG( 1) u 3 850 CLSD AQ MP 
SAMPLE SINTER ANNEAL 
-
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs oc Hrs oc 
32 0.5%Ti02 HG(l) u 3 850 CLSD AQ MP 
33 l%Nb2o5 HG(l) u 3 850 CLSD AQ MP 
34 l%Sr(OH)2 HG(l) u 3 850 CLSD AQ MP 
35 3%PbTi03 HG(l) u 3 850 CLSD AQ MP 
36 l%Cu0 HG(l) u 2 850 CLSD AQ MP 
37 l%FeC204 HG(l) u 3 850 VAC AQ MP 
38 l%BiFe02• s HG(l) u 3 850 CLSD AQ MP 
38a RGRND u 3 700 CLSD AQ MP 
39 l%LaFe0 3 HG( 1) u 3 850 CLSD AQ MP 
39a RGRND u 3 850 CLSD AQ MP 
40 ** 100 MP (4) u 2 850 CLSD AQ MP 
41 ** 100 MP (4) u 3 750 CLSD AQ MP 
42 ** 100 MP ( 4) u 3 875 CLSD AQ MP 
43 ** 100 MP (4) u 3 730 CLSD AQ MP 
44 l%Mn203 MP (4) u 2 800 CLSD AQ MP 
44a RGRND u 2 850 CLSD AQ MP 
45 2%Mn203 MP (4) u 2 800 CLSD AQ MP 
45a RGRND u 2 850 CLSD AQ MP 
46 l%Mn203 MP (4) u 2 850 CLSD AQ MP 
47 2%Mn203 MP ( 4) u 2 850 CLSD AQ MP 
48 lOO%Bi203 MP (4) u 3 750 CLSD AQ 
* 
Compositions other than 100 are BiFe03 with the listed percentage of additive. 
** 





PbZr0 3-BiFe03 BINARY SYSTEM 
SAMPLE SINTER ANNEAL 
-
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs oc Hrs oc 
1 80-20 BM(4) u 2 870 CLSD AQ MP 
2 70-30 BM(4) u 2 870 CLSD AQ MP 
3 90-10 BM(4) u 2 870 CLSD AQ MP 
4 100 BM(4) u 1.5 1200 CLSD AQ MP 
5 90-10 BM(4) u 1.5 1160 CLSD AQ MP 
6 80-20 BM (4) u 1.5 1120 CLSD AQ FUSED 
7 80-20 BM(4) u 1.5 1050 CLSD AQ FUSED 
8 80-20 BM(4) u 1.5 1000 CLSD AQ FUSED 
9 80-20 BM(4) u 1.5 950 CLSD AQ FUSED 
10 80-20 BM(4) u 1.5 900 CLSD AQ FUSED 
11 90-10 BM(4) u 1.5 1050 CLSD AQ MP 
12 50-50 BM(4) u 2 700 CLSD AQ MP 13 60-40 BM(4) u 2 750 CLSD AQ MP 13a RGRND u 2 875 CLSD AQ MP 14 70-30 BM(4) u 2 750 CLSD AQ MP 14a RGRND u 2 870 CLSD AQ MP 14A RGRND p 1.5 1000 CLSD AQ MP 15 80-20 BM(4) u 2 750 CLSD AQ MP 15a 80-20 RGRND p 1.5 1050 CLSD AQ MP 15A 80-20 RGRND u 2 870 CLSD AQ MP 
16 70-30 BM(4) u 2 875 CLSD AQ MP 
17 80-20 BM( 4) u 2 875 CLSD AQ MP 
18 90-10 BM (4) u 2 750 CLSD AQ MP 
18a RGRND p 1.5 1100 CLSD AQ MP 
18A RGRND u 2 870 CLSD AQ MP 
19 50-50 BM (4) u 2 750 CLSD AQ MP 
20 90-10 BM ( 4) u 2 875 CLSD AQ MP I-' w 21 100 BM ( 4) u 1.5 1200 CLSD AQ MP -....] 22 80-20 BM( 4) u 2 750 CLSD AQ MP 22a RGRND u 2 875 CLSD AQ MP 
SAMPLE SINTER ANNEAL 
No. Composition Mixed Form Time Temp,. Time Temp. Atmos. Cooled Remarks 
Hrs iic Hrs oc 
23 10-90 BM(4) u 2 750 CLSD AQ MP 
23a RGRND u 2 875 CLSD AQ MP 
24 75-25 BM(4) u 2 750 CLSD AQ MP 
24a RGRND u 2 875 CLSD AQ MP 
2S 20-80 MP (4) u 2 875 CLSD AQ MP 
26 40-60 MP (4) u 2 750 CLSD AQ MP 
27 20-80 MP (4) u 2 750 CLSD AQ 
27a RGRND u 2 875 CLSD AQ MP 
28 so-so MP (4) u 2 7SO CLSD AQ MP 
28a RGRND u 2 875 CLSD AQ MP 
29 20-80 MP (4) u 1 800 1 920 CLSD AQ MP 
30 40-60 MP (4) u 2 825 CLSD AQ MP 
30a RGRND u 2 875 CLSD AQ MP 
31 20-80 MP ( 4) u 2 82S CLSD AQ MP 
32 30-70 MP (4) u 2 825 CLSD AQ MP 
32a RGRND u 2 875 CLSD AQ MP 
33 30-70 MP (4) u 2 875 CLSD AQ MP 
34 * 20-80 BM(4) u 2 700 CLSD AQ LEACH 
3S * 30-70 BM(4) u 2 700 CLSD AQ LEACH 
36 * 10-90 BM(4) u 2 iOO CLSD AQ LEACH 
37 * 40-60 BM(4) u 2 700 CLSD AQ LEACH 
38 ** 30-70 MP ( 4) u 2 8SO CLSD AQ MP 
39 ** 30-70 MP (4) u 1 950 CLSD AQ MP 
40 ** 30-70 MP ( 4) u 1 850 1 960 CLSD AQ MP 
41 ** 30-70 MP (4) u 1 900 CLSD AQ MP 
42 ** 30-70 MP ( 4) u 2 800 CLSD AQ MP 
43 * 10-90 MP (4) u 22 soo CLSD AQ LEACH 
1-' 
w 
* Samples contained 100 percent excess of A-oxides. 
co 
• 
** Samples were prepared f rom stoichiometric amounts of reacted binary compounds. 
PbTi03-BiFe03 BINARY SYSTEM 
SAMPLE SINTER ANNEAL 
-
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs esc Hrs oc 
1 30-70 MP (4) u 3 820 CLSD s MP 
1a RGRND p 1.5 820 CLSD s MP 
2 10-90 MP (4) u 3 870 CLSD s SP 
3 50-50 MP (4) u 3 820 CLSD s MP 
3a RGRND p 5 550 CLSD s MP 
4 30-70 MP (4) u 3 820 CLSD s MP 
4a RGRND u 3 870 CLSD s MP 
5 90-10 MP (4) u 3 940 CLSD s MP 
6 10-90 MP (4) u 3 820 CLSD s SP 6a RGRND u 12 750 CLSD s MP 7 70-30 MP (4) u 3 820 CLSD s MP 
7a RGRND u 12 770 CLSD s MP 8 35-65 MP (4) u 3 870 CLSD s MP 9 20-80 MP (4) u 3 860 CLSD s MP 10 40-60 MP (4) u 3 880 CLSD s MP 11 60-40 MP (4) u 3 880 CLSD s MP 12 100 MP (4) u 3 960 CLSD s SP 13 60-40 MP (4) u 3 880 CLSD s MP 14 35-65 MP (4) u 12 820 CLSD s MP 15 30-70 MP (4) u 3 820 12 720 CLSD s MP 16 90-10 MP (4) u 12 820 CLSD s MP 17 80-20 MP (4) u 3 820 12 780 CLSD s MP 18 70-30 MP (4) u 3 900 13 720 CLSD s MP 19 60-40 MP (4) u 3 880 12 720 CLSD s MP 20 50-50 MP ( 4) u 3 860 12 720 CLSD s MP 21 40-60 MP (4) u 3 840 12 720 CLSD s MP 22 40-60 MP (4) u 1 800 1 1050 CLSD AQ SP f-J 23 35-65 MP (4) u 1 800 1 1000 CLSD AQ SP w \0 24 60-40 MP ( 4) u 1 800 1 950 CLSD AQ MP 25 25-75 MP ( 4) u 1 800 1 1000 CLSD AQ TP 
SAMPLE SINTER ANNEAL 
-
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs oc Hrs oc 
26 30-70 MP ( 4) u 1 800 1 1000 CLSD AQ SP 
27 60-40 MP (4) u 1 800 1 1000 CLSD AQ SP 
28 20-80 MP (4) u 1 800 1 920 CLSD AQ SP 
29 25-75 MP ( 4) u 1 800 1 1000 CLSD AQ TP 
30 50-50 MP (4) u 1 800 1 1000 CLSD AQ MP 
31 10-90 MP (4) u 1 800 1 920 CLSD AQ SP 
32 30-70 MP (4) u 1 800 1 1000 CLSD AQ SP 
33 30-70 MP (4) u 1 800 1 1000 CLSD AQ SP 
34 28-72 MP {4) u 1 800 1 1000 CLSD AQ TP 
35 26-74 MP (4) u 1 800 1 1000 CLSD AQ TP 
36 24-76 MP (4) u 1 800 1 1000 CLSD AQ TP 
37 22-78 MP {4) u 1 800 1 960 CLSD AQ TP 
38 5-95 MP (4) u 2 800 CLSD AQ MP 
39 100 MP ( 4) u 1 800 1 960 CLSD AQ SP 
40 90-10 MP ( 4) u 1 800 1 960 CLSD AQ SP 
41 80-20 MP {4) u 1 800 1 960 CLSD AQ SP 
42 70-30 MP ( 4) u 1 800 1 960 CLSD AQ SP 
43 60-40 MP (4) u 1 800 1 960 CLSD AQ SP 
44 20-80 MP {4) u 1 800 1 960 CLSD AQ SP 
45 40-60 MP ( 4) u 1 800 1 960 CLSD AQ MP 
46 60-40 MP (4) u 1 800 1 960 CLSD AQ SP 
47 40-60 MP {4) u 1 800 1 960 CLSD AQ MP 
48 20-80 MP (4) u 1 800 1 960 CLSD AQ SP 
49 20-80 MP ( 4) u 1 800 1 900 CLSD AQ SP 
50 40-60 MP ( 4) u 1 800 1 900 CLSD AQ MP 
51 40-60 MP (4) u 3 960 CLSD AQ MP 
52 50-50 MP ( 4) u 3 900 CLSD AQ MP 53 50-50 MP (4) u 3 960 CLSD AQ MP I-' 54 50-50 MP (4) u 1 800 1 1000 CLSD AQ MP ~ 0 55 50-50 MP ( 4) u 1 1025 CLSD AQ SP 
PbZr 0 • 5Ti 0 • 5o3-BiFe0 3 BINARY SYSTEM 
SAMPLE SINTER ANNEAL 
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs esc Hrs oc 
1 10-90 MP {4) u 2 850 CLSD AQ SP 
2 20-80 MP {2) u 2 800 CLSD AQ SP 
3 30-70 MP {4) u 2 850 CLSD AQ SP 
4 40-60 MP {2) u 2 800 CLSD AQ SP 
5 50-50 MP {2) u 2 850 CLSD AQ SP 
6 60-40 MP {4) u 2 850 CLSD AQ TP 
7 70-30 MP {2) u 2 850 CLSD AQ TP 
8 80-20 MP (2} u 2 850 CLSD AQ TP 
9 90-10 MP ( 4} u 2 850 CLSD AQ SP 
10 100 MP (4} u 2 850 CLSD AQ SP 
Bi 2Fe 4o9 
SAMPLE SINTER ANNEAL 
No. Composition Mixed Form Time Temp. Time Temp. Atmos. Cooled Remarks 
Hrs oc Hrs oc 
1 100 BM{4) u 2 820 CLSD AQ MP 
2 100 BM{4) u 2 875 CLSD AQ SP 
3 * 100 BM(4) p 2 875 CLSD AQ SP 
4 * 100 BM{4) p 2 875 CLSD AQ SP 
* Pellets surrounded with Fe 2o3 powder during sinter; surface ground clean 1-' 
before the pellets were ground. .t::o. 1-' 
APPENDIX D 
PUBLISHED X-RAY POWDER DATA ON BiFe03, PbZr0 3 , PbTi03, 
AND Bi 2 Fe409 
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X-ray Data for Rhombohedral Distorted Perovskite Lattice 
of BiFeo 3a 
0 
Parameters: a= 3.957 A, a = 89°28' 
0 
d (A) I/I 0 hk1 
3.96 4 100 
2. 82 10 110 
2.79 10 110 
2.31 1 111,111 
2.28 3 111,111 
1.98 4 200 
1.78 5 210 
1.76 5 210 
1.62 3 211 
1.61 8 211,211 
1.406 2 220 
1.392 2 220 
1.329 4 221,221 
1.317 4 300 
1.312 4 221,221 
1.253 4 310 
1.245 4 310 
1.214 1 311 
1.200 2 31I, 3ll 
1.192 2 311 
1.155 1 222 
1.138 3 222,222,222 
1.103 5 320 
1.092 4 320 
1.066 4 321 
1.060 4 321 
1.053 7 321,321 
0.989 2 400 
a Reported by Filipev(l960) for FeKa radiation. 
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Calculated Values of "d" and "hkl" for t he Orthorhombic ~1tiple Cell of Pb zro 3b 
0 0 0 
Parameters: a = 5.872 A, b = 11.744 A, c = 8 . 202 A 
0 






























1.3130 440 432 1.3033 450 1.2449 335 1.1970 236 1.1815 434 1.1417 530 1.1249 531 1.1144 522 1.1087 444 1.1057 326 1.1009 
b Reported by Sawaguchi ( 1952) for cu KCJ rad i ation . 
144 
X-ray Data for Tetragonal PbTio 3 C 
0 0 
Parameters: a = 3.905 A, c = 4.151 A 
0 
d (A) I/! 0 hkl 
4.150 26 001 
3.899 49 100 
2.842 100 101 
2.758 52 110 
2.297 40 111 
2.076 15 002 
1.950 32 200 
1.833 13 102 
1.765 10 201 
1.744 11 210 
1.658 19 112 
1.608 42 211 
1.421 13 202 
1.384 3 003 
1.379 9 220 
1.335 7 212 
1.308 3 221 
1.3045 5 103 
1.3000 11 300 
1.2403 10 301 
1.237 3 113 
1.2333 7 310 
1.1819 10 311 
1.1484 5 222 
1.1287 3 203 
1.1016 2 302 
1.0841 7 213 
1.0816 3 320 
1.0601 9 312 
1.0465 8 321 
1.0383 1 004 
1.0031 2 104 
0.9766 3 223 
0.9747 4 400 
0.9715 1 114 
0.9593 3 322 
0.9491 2 401 
0.9476 2 303 
0.9457 4 410 
0.9222 6 411 
c Taken from ASTM card number 6-0452. 
14 5 
X-ray powder diffraction data for Bi2Fe409d 
0 0 0 
Parameters: a = 7.950 A, b = 8.478 A, c = 6.005 A 
0 
d (A) I/I 0 hk1 
6.005 53 001 
4.214 15 020 
3.975 11 200 
3.724 23 120 
3.595 14 210 
3.451 22 021 
3.315 30 201 
3.166 100 121 
3.085 89 211 
3.003 35 002 
2.892 31 220 
2.650 32 130 
2.606 5 221 
2.527 16 310 
2.446 18 022 
2.425 6 131 
2.396 27 202 
2.338 6 122 
2.329 6 311 
2.305 27 212 
2.243 3 320 
2.144 2 231 
2.037 17 140 
2.002 6 003 
1.989 3 041 
1.987 3 400 
1.987 3 132 
d Reported by Koizumi(1964) for CuKa radiation. 
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APPENDIX E 
X-RAY DIFFRACTION DATA FOR BiFe0 3 , Bi 2 Fe 40 9 , 
PbZr 0 • 9Ti 0 • 1o 3 AND PbZr 0 • 58Tio.4z03 
Notes: 1. All x-ray patterns are based on CuKa radiation 
0 
with a wavelength of 1.542 A. 
2. For the rhombohedral phases, the "a" parameter 
was determined from the (200) peak and the angle 
"a" was determined from equation (17) using the 
pair of peaks listed in parentheses following 
the parameter. 
3. For the orthorhombic phase, the "a", "b", and 
"c" parameters were calculated from the (200), 
(020), and (002) peaks, respectively. 
4. The cell volume was calculated for a simple unit 
cell. 
5. The number of the sample analyzed is given in 
parentheses for reference to Appendix c. 
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A. Composition: BiFe03 ( 48) 
0 
Phase: Rhombohedral Volume: 61.998 A3 
0 
Parameters: a = 3.958 A, a = 89o 30' (220,220) 
0 
2e (deg) d (A) I/! 0 hkl 
22.50 3.95 100 100 
31.81 2.811 93 110 
32.13 2.783 79 110 
39.03 2.306 7 111 
39.51 2.279 45 111 
45.81 1.979 37 200 
51.37 1.777 40 210 
51.81 1.763 23 210 
56.42 1.629 18 211 
57.01 1.614 57 2It 
57.13 1.611 46 211 
66.41 1.406 6 220 
67.11 1.394 21 220 
70.69 1.331 11 221 
71.36 1.321 15 221,300 
71.70 1.315 10 221 
75.60 1.257 16 310 
76.13 1.250 29 310 
79.68 1.202 5 311 
80.38 1.194 11 3r1 
84.99 1.140 5 222 
88.49 1.104 18 320 
89.56 1.094 4 320 
92.40 1.067 6 321 
93.22 1.060 11 321 
93.75 1.055 15 312 
93.92 1.054 8 213 
B. Composition: Bi2Fe409 (4) 
Phase: Orthorhombic Volume: 391.69 
0 
A3 
0 0 0 
Parameters: a= 7.88 A, b = 8.34 A, c = 5.96 A 
0 
2e(deg) d (A) I/! 0 hkl 
14.92 5.97 18 001 
21.28 4.17 11 020 
22.54 3.94 5 200 
24.02 3.70 17 120 
24.90 3.57 10 210 
25.97 3.43 24 021 
27.04 3.29 21 201 
14 8 
28.37 3.14 100 121 
2g.1o 3.07 g1 211 
2g_g2 2.g8 24 002 
31.04 2.87g 18 220 
33.go 2.642 31 130 
34.54 2.5g5 6 221 
35.60 2.520 13 310 
36.90 2.434 14 022 
37.1g 2.416 10 131 
37.6g 2.385 25 202 
3a.7o 2.325 g 122,311 
39.20 2.2g6 21 212 
40.11 2.246 2 320 
42.26 2.137 3 231 
44.55 2.032 11 140 
45.80 l.g7g 5 041,400,132 
c. Composition: PbZr 0 • 9 Ti 0 • 1 03 
0 
Phase: Rhombohedral Volume: 70.433 A3 
0 
Parameters: 2 = 4.130 A, a = ago 44' (220,220) 
0 
2e (deg) d (A) I/!2 hkl 
21.52 4.13 17 100 
27.61 3.23 4 
30.63 2.916 100 110,Ito 
37.70 2.384 11 111,111 
43.77 2.065 26 200 
49.19 1.851 7 210,210 
54.30 1.688 30 211, 2r1 
63.31 1.468 4 220 
63.62 1.461 g 220 
67.81 1.381 2 221 
68.10 1.376 2 221 
72.15 1.308 11 301,301 
80.53 1.lg2 1 222 
84.05 1.151 1 320 
88.08 1.108 3 321 
88.42 1.105 6 321 
D. Composition: PbZro. s sTio. 42o3 
0 
Phase: Rhombohedral Volume: 67.416 A3 
0 
Parameters: 2 = 4.070 A, a = ago 3g' (220,220) 
2 a (deg) d (A) I/! 0 hkl 
21.81 4.07 24 100 
31.06 2.877 100 110,110 
1 49 
37.95 2.369 4 111 
3 8 .31 2.347 15 111 
44.48 2.035 20 200 
49.78 1.830 7 210 
50.00 1.823 6 210 
54.85 1.672 13 211 
55.16 1.664 27 211 
64.31 1.447 4 220 
64.76 1.438 7 220 
68.58 1.367 3 221 
69.08 1.358 2 221 
73.31 1.275 5 301,301 
81.72 1.177 1 222 
85.54 1.134 1 320 
89.31 1.096 2 321 
89.91 1.090 5 321 
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APPENDIX F 
X-RAY DIFFRACTION DATA FOR THE BiFe0 3 -PbZr0 3 BINARY SYSTEM 
Notes: 1. All x-ray patterns are based on CuKa radiation 
0 
with a wavelength of 1.542 A. 
2. For the orthorhombic phase the "a", "b", and 
"c" parameters were evaluated from the {400), 
(040), and (004) peaks, respectively. 
3. For the rhombohedral region, the "a" parameter 
was determined from the (200) peak and "a" was 
calculated from the (310) and {310) peaks. 
4. For the pseudocubic region, the "a" parameter 
was evaluated from the (200) peak. 
5. The cell volume was calculated for a simple unit 
cell. 
6. The number of the sample analyzed is given in 
parentheses for reference to Appendix c. 
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A. Composition: 100 PbZr03 ( 21) 
0 
Phase: Orthorhombic Volume: 70.495 A3 
0 0 0 
Parameters: a = 5.872 A, b = 11.684 A, c = 8.220 A 
0 
2 e (deg) d (A) I/! 0 hk1 
16.90 5.24 3 110 
21.38 4.15 11 120 
21.60 4.11 6 002 
27.32 3.26 3 130 
27.58 3.23 4 112 
30.58 2.921 100 200,040 
31.42 2.845 5 210 
35.11 2.554 2 132 
37.61 2.390 14 042,202 
38.43 2.340 4 050,230 
43.51 2.078 27 240 
44.03 2.055 14 004 
47.03 1.930 3 310 
48.90 1.861 2 320 
49.42 1.843 2 124 
52.24 1.744 4 330 
54.10 1.694 28 322 
54.42 1.685 19 204,044 
54.90 1.671 2 214 
57.09 1.612 3 332 
63.28 1.468 4 400 
63.61 1.461 13 135 
63.78 1.458 5 244 
66.16 1.411 2 352 
68.18 1.374 3 412 
70.55 1.334 1 026 
71.80 1.314 8 440 
72.57 1.302 7 432 
76.40 1.246 1 450 
80.18 1.196 4 335 
80.69 1.190 2 236 
86.40 1.125 2 530 
87.71 1.112 4 531 
88.00 1.109 6 522 
88.51 1.104 5 444 
88.78 1.101 3 326 
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B. Composition:90PbZr0 3-lO BiFe0 2 (22a) 
Phase: Orthorhombic 
0 
Volume: 70.200 A3 
0 0 0 
Parameters: a= 5.864 A, b = 11.668 A, c = 8.208 A 

































































































































c. composition: 80 PbZr0 3 -20 BiFe0 3 (27a) 
0 
Phase: Orthorhombic Volume: 69 . 316 A3 
0 0 0 
Parameters: a = 5 . 832 A, b = 11.624 A, c = 8 . 180 A 













30.74 2.906 100 200,040 37.81 2.377 23 042,202 
43.89 2.061 19 240 
44.25 2.045 5 004 
49.39 1.844 2 320 54.51 1.682 29 322 54.67 1.677 18 204,044 63.76 1.458 5 400 
63.91 1.455 7 135 
68.76 1.364 1 412 
72.45 1.303 4 440 
72.90 1.296 3 432 
80.71 1.190 2 335 
88.68 1.102 3 522 
89.10 1.098 3 444 
D. Composition: 75 PbZr03-25 BiFe03 ( 24a) 




Parameter: a = 4.120 A 
0 
2e (deg) d (A) I/! 0 hk1 
21.59 4.11 12 100 
28.12 3.17 1 zro2 
30.70 2.910 100 110 
31.75 2.816 1 Zr02 
37.71 2.383 7 111 
43.93 2.060 17 200 
49.42 1.843 1 210 
54.48 1.683 23 211 
64.89 1.436 7 220 
72.59 1.301 3 310 
80.72 1.189 2 222 
88.93 1.100 3 321 
E. Composition: 70 PbZr03-30 BiFe03 ( 14a) 
Phase: Pseudocubic Volume: 69.325 0 3 A 
0 
Parameter: a = 4.108 A 
0 
2e(deg) d (A) I/! 0 hkl 
21.63 4.10 12 100 
27.68 3.22 2 Bi 2 o 3 
28.16 3.17 3 zro2 
30.76 2.904 100 110 
31.69 2.821 2 zro2 37.89 2.372 9 111 
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38.88 2.314 1 
44.06 2.054 18 200 
45.42 1.995 1 
49.62 1.836 2 210 
54.70 1.677 18 211 
64.05 1.453 5 220 
72.74 1.299 4 310 
81.02 1.186 2 222 
89.11 1.098 3 321 
F. Composition: 60 PbZr0 3-40 BiFe03 ( 13a) 
Phase: Pseudocubic Volume: 68.217 i3 
0 
Parameter: a = 4.086 A 
2 e (deg) d (A) I/! 0 hkl 
21.70 4.09 17 100 
27.85 3.20 2 Bi203 
28.15 3.17 3 zro 2 
30.86 2.895 100 110 
31.60 2.829 2 ZrO 
38.02 2.365 11 111 
39.11 2.301 2 
44.30 2.043 30 200 
45.45 1.994 1 
49.88 1.827 2 210 
54.92 1.670 19 211 
64.40 1.446 6 220 
73.14 1.293 3 310 
81.55 1.179 1 222 
89.79 1.091 3 321 
G. Composition: so Pbzro 3-so BiFe0 3 ( 2 8a) 
0 
Phase: Pseudocubic Volume: 67.319 A 
0 
Parameter: a = 4.068 A 
0 
2e(deg) d (A) I/! 0 hk1 
21.85 4.06 18 100 
27.80 3.21 2 Bi20 3 
28.17 3.16 5 zro 2 31.11 2.872 100 110 
31.60 2.829 3 zro 2 38.33 2.346 10 111 
44.51 2.034 16 200 
50.06 1.821 2 210 
55.30 1.660 18 211 
64.82 1.437 6 220 










H. Composition: 40 PbZr0 3-60 BiFeo 3 {30a) 
Phase: Pseudocubic 
0 
Parameter: a = 4.034 A 





























































I. Composition: 30 PbZr0 3-70 BiFe0 3 {35) 
Phase: . Pseudocubic 
0 
























































J. Composition: 20 PbZr0 3 -80 BiFe0 3 ( 3 4) 
0 
Phase: Pseudocubic Volume: 63.140 A 3 
0 
Parameter: a = 3.982 A 
0 
2 e (deg) d (A) I/1 0 hkl 
22.29 3.89 30 100 
28.18 3.16 6 zro 2 
31.76 2.815 100 110 
39.11 2.301 15 111 
40.04 2.250 5 
45.51 1.991 16 200 
51.31 1.779 3 210 
56.51 1.627 15 211 
66.27 1.409 4 220 
75.21 1.262 2 310 
92.56 1.066 1 321 
K. Composition: 10 PbZr0 3 -90 BiFe0 3 ( 36) 
Phase: Rhombohedral Volume: 62.660 03 A 
0 
Parameter: a = 3.972 A, a = 89o 33' (310,310) 
2 e (deg) d 0 (A) I/1 2 hkl 
22.35 3.97 43 100 
28.15 3.17 6 Zr0 2 
31.69 2.821 75 110 
31.90 2.803 100 110 
38.90 2.313 6 111 
39.32 2.289 25 lll 
45.63 1.986 22 200 
51.20 1.783 15 210 
51.61 1.769 9 210 
56.31 1.632 10 211 
56.83 1.619 26 211 
66.15 1.411 3 220 
66.88 1.398 9 220 
70.56 1.334 3 221 
71.28 1.322 5 221 
75.38 1.260 5 310 
75.77 1.254 6 3l0 
80.19 1.196 2 311 
84.80 1.142 3 222 
88.45 1.104 2 320 
89.24 1.097 2 320 
93.51 1.057 6 32r,312, 213 
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APPENDIX G 
X-RAY DIFFRACTION DATA FOR THE BiFe0 3 -PbTi0 3 BINARY SYSTEM 
Notes: 1. All x-ray patterns are based on CuKa radiation 
0 
with a wavelength of 1.542 A. 
2. For the tetragonal phase, the parameters "a" 
and "c" were determined using the (200) and 
(002) peaks, respectively. 
3. For the rhombohedral phase, the parameter "a" 
was .calculated from the ( 200) peak. The "a" 
parameter was calculated with equation (17) 
from the two peaks listed in parentheses fol-
lowing the angle. 
4. The cell volume was determined for a simple 
unit cell. 
5. The number of the sample analyzed is given in 




Composition: 100 PbTi03 { 39) 
Phase: Tetragonal Volume: 62.996 
0 A3 
0 0 
Parameters: a = 3.898 A, c = 4.146 A 
0 
28 {deg) d {A) I/! 0 hkl 
21.38 4.15 15 001 
22.79 3.90 36 100 
31.50 2.838 100 101 
32.47 2.755 47 110 
39.24 2.294 43 111 
43.62 2.073 8 002 
46.58 1.949 26 200 
49.76 1.831 11 102 
51.76 1.765 9 201 
52.45 1.743 8 210 
55.34 1.659 15 112 
57.22 1.609 36 211 
65.65 1.421 11 202 
67.90 1.379 7 220 
70.46 1.335 7 212 
72.12 1.308 2 221 
72.42 1.304 5 103 
72.78 1.298 2 300 
76.80 1.240 6 301 
77.30 1.233 6 113,310 
81.30 1.182 6 311 
84.28 1.148 4 222 
86.00 1.129 1 203 
88.90 1.100 1 302 
90.80 1.082 4 213 
93.14 1.061 6 312 
94.72 1.047 5 231 
Composition: 90 PbTi03-lO BiFe0 3 {40) 
0 
Phase: Tetragonal Volume: 64.000 A3 
0 0 
Parameters: a = 3.912 A, c = 4.182 A 


























43.22 2.091 8 002 
46.37 1.956 42 200 
49.41 1.843 9 102 
51.56 1.771 13 201 
52.22 1.750 12 210 
55.03 1.667 16 112 
57.03 1.613 56 211 
65.42 1.425 14 202 
67.77 1.381 10 220 
70.19 1.340 7 212 
71.98 1.311 7 221,103 
72.56 1.302 3 300 
76.26 1.248 12 301 
77.25 1.234 10 113,310 
81.28 1.183 9 311 
83.98 1.151 7 222 
85.70 1.133 1 203 
90.30 1.086 5 213 
92.93 1.067 8 312 
94.61 1.048 9 231 
c. Composition: 80 PbTi03-20 BiFe0 3 ( 41) 




Parameters: a = 3.886 A, c = 4.196 A 
0 
2 e (deg) d (A) I/! 0 hk1 
21.19 4.19 15 001 
22.91 3.88 31 100 
31.39 2.847 100 101 
32.58 2.746 51 110 
39.18 2.297 48 111 
43.08 2.098 7 002 
46.71 1.943 29 200 
49.29 1.847 11 102 
51.80 1.763 13 201 
52.60 1.738 9 210 
54.99 1.668 14 112 
57.30 1.606 47 211 
65.32 1.427 8 202 
68.18 1.374 7 220 
70.16 1.340 6 212 
71.52 1.318 5 103 
72.20 1.307 4 221,300 
76.90 1.239 6 301 
77.54 1.230 5 310 
81.45 1.181 6 311 
84.09 1.150 4 222 
160 
85.50 1.135 1 203 
89.80 1.091 5 213 
92.94 1.062 6 312 
94.93 1.045 7 231 
D. CQ!Uposition: 70 PbTi03-30 BiFe03 ( 42) 
0 
Phase: Tetragonal Volume: 63.891 A3 
0 0 
Parameters: a = 3.880 A, c = 4.244 A 
0 
2e (deg) d (A) I/I 0 hkl 
20.92 4.24 18 001 
22.92 3.88 29 100 
31.21 2.863 100 101 
32.64 2.741 51 110 
39.08 2.303 46 111 
42.56 2.122 7 002 
46.80 1.940 29 200 
48.80 1.865 8 102 
51.79 1.764 8 201 
52.73 1.734 7 210 
54.61 1.679 15 112 
57.32 1.606 41 211 
65.08 1.432 9 202 
68.36 1.371 8 220 
69.96 1.344 7. 212 
70.78 1.330 5 103 
72.40 1.304 3 221 
76.96 1.238 5 301 
77.82 1.226 4 310 
81.60 1.179 5 311 
83.96 1.152 3 222 
84.10 1.150 3 203 
89.26 1.096 j 213 
92.92 1.062 5 312 
95.21 1.043 5 231 
E. Composition: 60 PbTi03-40 BiFe0 3 ( 43) 
0 
Phase: Tetragonal Volume: 64.018 A3 
0 0 
Parameters: a= 3.854 A, c = 4.310 A 
0 
2 e (deg) d (A) I/! 0 hkl 
20.68 4.29 16 001 
23.18 3.83 25 100 
31.21 2.863 100 010 
32.89 2.721 51 110 
161 
39.12 2.301 36 111 
41.89 2.155 7 022 
47.12 1.927 35 200 
48.36 1.881 12 102 
51.92 1.760 9 201 
53.06 1.724 4 210 
54.31 1.688 15 112 
57.50 1.601 39 211 
64.83 1.437 8 202 
68.74 1.364 5 220 
69.70 1.348 8 212 
69.90 1.345 6 103 
72.68 1.300 2 221 
77.29 1.234 3 301 
78.14 1.222 3 310 
82.05 1.173 3 311 
83.72 1.154 3 203,222 
88.32 1.106 5 213 
93.07 1.061 6 312 
95.72 1.039 6 231 
F. Composition: 50 PbTiO :r50 BiFe0 3 (55) 
0 
Phase: Tetragonal Volume: 64.838 A3 
0 0 
Parameters: a= 3.844 A, c = 4.388 A 
0 
2 e (deg) d (A) I/I __ o hkl 
20.24 4.83 19 001 
23.14 3.84 2 9 100 
30.90 2.891 100 101 
32.96 2.715 46 110 
38.97 2.310 32 111 
41.10 2.194 8 002 
47.26 1.922 21 200 
47.42 1.916 10 102 
51.86 1.762 9 201 
53.30 1.717 6 210 
53.60 1.708 12 112 
57.51 1.601 29 211 
64.40 1.446 7 202 
68.56 1.368 4 103 
69.08 1.359 5 220 
69.40 1.353 4 212 
72.80 1.298 1 221 
77.52 1.230 6 301 
78.60 1.216 4 310 
82.21 1.172 2 311 
83.50 1.157 3 203,222 
87.31 1.116 4 213 
92.77 1.064 5 312 
96.02 1.036 5 231 
G. Composition: 40 PbTi0 3-60 BiFe0 3 (22) 
0 
Phase: Tetragonal Volume: 65.014 A3 
0 0 
Parameters: a= 3.818 A, c = 4.460 A 






































































































Phase: Tetragonal Volume: 0 3 65.602 A 
0 0 
















































53.82 1.702 4 210 
57.84 1.593 29 211 
64.80 1.438 9 202 
66.61 1.403 7 103 
68.95 1.361 7 212 
69.82 1.346 5 220 
71.60 1.317 2 213 
73.31 1.290 3 221 
78.16 1.222 6 301 
79.57 1.204 4 310 
82.90 1.164 1 311 
83.47 1.157 3 222 
86.00 1.129 4 213 
92.82 1.063 4 312 
96.89 1.029 7 231 
I. Composition: 28 PbTi03-72 BiFe0 3 ( 34) 
0 
Phase: Tetragonal Volume: 65.41 A3 
0 0 
Parameters: a = 3.80 A, c = 4.53 A 




Parameters: a = 3.96 A, a = Unknown 
0 
2 e (deg) d (A) I/I 0 Phase hkl 
19.61 4.52 19 001 
22.57 3.94 5 R 100 
23.44 3.79 25 100 
30.70 2.910 100 101 
31.72 2.819 10 R llO 
32.13 2.783 10 R 110 
33.37 2.683 39 110 
38.96 2.310 31 111 
39.48 2.281 4 R 111 
39.77 2.265 9 002 
45.71 1.983 6 R 200 
46.60 1.947 19 102 
47.83 1.900 38 20·0 
51.40 1.776 4 R 210 
52.14 1.753 9 201 
52.72 1.735 24 110 
53.90 1.700 4 210 
56.53 1.627 1 R 211 
57.18 1.610 4 R 211,211 
57.89 1.592 40 211 
63.71 1.459 11 202 
66.50 1.405 7 103 
68.90 1.362 9 212 
69.88 1.345 7 220 
164 
71.45 1.319 5 213 
73.29 1.291 2 221 
78.31 1.220 6 301 
79.68 1.202 5 310 
82.92 1.163 3 311 
83.44 1.157 4 222 
85.76 1.132 5 213 
92.83 1.063 8 312 
97.02 1.028 6 231 
J. Composition: 26 PbTi03-74 BiFe0 3 ( 35) 
Phase: Tetragonal Volume: 65.41 03 A 
0 0 
Parameters: a = 3.80 A, c = 4.53 A 
0 
Phase: Rhombohedral Volume: 62.1 A3 
0 
Parameters: a = 3.96 A, (l = Unknown 
0 
2 e (deg) d (A) I/! 0 Phase hk1 
19.60 4.53 12 T 001 
22.55 3.94 24 R 100 
23.52 3.78 21 T 100 
30.70 2.910 100 T 101 
31.90 2.803 53 R 110 
32.14 2.783 52 R 110 
33.41 2.680 38 T 110 
38.94 2.311 35 T 111 
39.10 2.302 10 R 111 
39.43 2.283 44 R 110 
T 002 
45.82 1.979 23 R 200 
46.53 1.950 12 T 102 
47.89 1.899 18 T 200 
51.49 1.773 15 R 210 
51.84 1.762 11 R 210 
52.20 1.751 14 T 201 
52.74 1.734 21 T 112 
53.96 1.698 6 T 210 
56.52 1.627 9 R 211 
57.04 1.613 25 R 211 
57.19 1.609 23 R 211 
57.94 1.590 41 T 211 
63.80 1.458 8 T 202 
66.38 1.407 10 R 220 
T 103 
67.08 1.394 9 R 220 
68.92 1.361 8 T 212 
70.00 1.343 6 T 220 
70.79 1.330 2 R 221 
71.38 1.320 5 R 221 
T 213 
165 
71.63 1.316 6 R 221 
73.43 1.288 2 T 221 
75.67 1.256 6 R 310 
76.19 1.248 5 R 310 
78.23 1.221 4 T 301 
79.73 1.202 6 T 310 
84.90 1.141 3 R 222 
85.82 1.131 2 T 213 
88.54 1.103 2 R 320 
92.62 1.065 4 R 321 
92.88 1.063 6 T 312 
93.12 1.061 5 R 321 
93.80 1.055 8 R 312 
97.02 1.028 4 T 231 
K. Composition: 24 PbTi03-16 BiFe0 3 (36) 
Phase: Rhombohedral Volume: 62.099 03 A 
0 
Parameters: a = 3.96 A, a = ago 33' (220,220) 
0 
Phase: Tetragonal Volume: 65.41 A3 
0 0 
Parameters: a = 3.80 A, c = 4.53 A 
0 
2e (deg) d (A) I/! 0_ Phase hkl 
22.58 3.93 59 100 
30.69 2.911 11 T 101 
31.90 2.803 100 110 
32.15 2.781 100 110 
33.43 2.678 4 T 110 
39.10 2.302 10 111 
T 111 
39.55 2.277 37 r11 
45.84 1.978 36 200 
51.41 1.776 24 210 
51.79 1.764 15 210 
56.49 1.628 15 211 
57.20 1.614 35 211 
57.15 1.610 34 211 
57.90 1.591 2 T 211 
66.40 1.407 8 220 
67.03 1.395 13 220 
70.71 1.331 8 221 
71.31 1.321 4 221 
71.63 1.316 8 221 
75.66 1.256 9 310 
76.08 1.250 9 310 
79.82 1.201 4 311 
80.30 1.195 6 3T1 
166 
84.90 1.141 4 222 
88.50 1.104 4 320 
89.50 1.094 3 302 
92.69 1.065 4 321 
93.21 1.060 6 321 
93.69 1.056 9 312 
93.89 1.054 4 213 
L. Composition: 22 PbTi03-18 BiFe0 3 ( 3 7) 
Phase: Rhombohedral Volume: 61.906 03 A 
0 
Parameters: a = 3.956 A, a = ago 33' (220,220) 
0 
2 a (deg) d (A) I/! 0 hkl 
22.52 3.95 55 100 
31.84 2.808 89 110 
32.11 2.785 100 110 
39.09 2.302 10 111 
39.53 2.278 36 111 
45.83 1.978 35 200 
51.41 1.776 23 210 
51.79 1.764 14 2TO 
56.50 1.627 16 211 
57.02 1.614 42 211 
57.20 1.609 42 211 
66.47 1.405 7 220 
67.08 1.394 15 220 
70.76 1.330 7 221 
71.40 1.320 7 221,300 
71.69 1.315 9 221 
75.74 1.255 9 310 
76.10 1.250 10 310 
79.84 1.200 3 311 
80.40 1.193 3 311 
84.91 1.141 6 222 
88.53 1.103 5 320 
89.48 1.094 2 302 
92.45 1.067 4 321 
93.29 1.059 5 321 
93.76 1.055 10 312 
93.93 1.054 5 213 
167 
M. Composition: 20PbTi03-80 BiFe0 3 ( 4 4) 
Phase: 0 Rhombohedral Volume: 61.999 A 
0 
Parameters: a = 3.958 A, ex = 89o 33' (220 ,220) 
0 
2 e (deg) d (A) I/! 2 hkl 
22.43 3.96 58 100 31.86 2.806 92 110 32.07 2.788 100 110 39.07 3.303 7 111 39.49 2.280 31 111 
45.81 1.979 30 200 51.41 1.776 14 210 
51.78 1.764 7 210 
56.50 1.627 11 211 
56.98 1.615 35 211 
57.12 1.611 35 211 
66.50 1.405 5 220 
67.06 1.394 7 220 
70.76 1.339 4 221 
71.40 1.320 5 221,300 
71.71 1.315 6 221 
75.78 1.254 5 310 
76.06 1.250 6 3TO 
79.70 1.202 3 311 
80.33 1.194 4 311 
84.95 1.141 4 222 
88.51 1.104 2 320 
89.46 1.095 2 302 
92.46 1.067 2 J21 
93.32 1.059 2 321 
93.76 1.055 5 312 
93.96 1.054 3 213 
N. Composition: 10PbTi03-90 BiFe03 ( 31) 
0 
Phase: Rhombohedral Volume: 61.998 A3 
0 
Parameters: a = 3.958 A, ex = 89o 32' (220,220) 
0 
2 e (deg) d (A) I/! 2 hk1 
22.51 3.95 61 100 
31.84 2.808 93 110 
32.11 2.785 100 ITO 
39.05 2.305 8 111 
39.53 2.278 37 l11 
45.80 1.979 39 200 
51.39 1.776 27 210 
168 
51.77 1.764 16 210 
56.54 1.626 15 211 
57.02 1.614 40 211 
57.16 1.610 39 211 
66.40 1.407 8 220 
67.09 1.394 11 220 
70.70 1.331 7 221 
71.39 1.320 8 221,300 
71.64 1.316 9 221 
75.73 1.255 9 310 
76.10 1.250 9 310 
79.75 1.201 3 311 
80.38 1.194 4 311 
85.00 1.140 5 222 
88.52 1.104 4 320 
89.46 1.095 3 302 
92.44 1.067 4 321 
93.30 1.059 5 32I 
93.72 1.056 9 312 
94.01 1.053 4 213 
Notes: 
APPENDIX H 
X-RAY DIFFRACTION DATA FOR THE BiFe0 3-
PbZr0.5Tio.s03 BINARY SYSTEM 
169 
1. All x-ray patterns are based on CuKa radiation 
0 
with wavelength of 1.542 A. 
2. For the tetragonal phase, the parameters "a" 
and "c" were determined using the (200) and 
(002) peaks, respectively. 
3. For the rhombohedral phase, the parameter "a" 
was determined from the (200) peak. The "a" 
parameter was calculated with equation (17) 
from the two peaks listed in parentheses fol-
lowing the angle. 
4. The cell volume was calculated for a simple 
unit cell. 
5. The number of the sample analyzed is given in 
parentheses. 
A. Composition: 100 PbZr 0 • 5Ti 0 • 5 o 3 (10) 
0 
Phase: Tetragonal Volume: 67.306 A3 
0 0 
Parameters: a = 4.034 A, c = 4.136 A 
































































































B. Composition: 90 Pbzr 0 • 5 Ti 0 • 5 0 3 -10 BiFe0 3 (9) 
Phase: Tetragonal 
0 






























Volume: 03 66.747 A 
0 































69.41 1.353 2 212 
72.72 1.306 4 103 
73.01 1.295 4 301 
74.35 1.275 6 310 
82.42 1.169 4 222 
89.82 1.091 4 213 
90.63 1.083 6 312 
91.41 1.076 4 231 
c. Composition: 80 PbZro.sTio.s03-20 BiFe03 ( 8') 
Phase: Tetragonal Volume: 65.762 03 A 
0 0 
Parameters: a = 4.002 A, c = 4.106 A 
Phase: Rhombohedral Volume: 65.65 03 A 
0 
Parameters: a = 4.034 A, a = unknown 
0 
28(deg) d (A) I/! 0 Phase hkl 
21.68 4.10 8 T 001 
22.06 4.03 12 R 100 
22.29 3.98 12 T 100 
28.20 3~16 3 Zr02 
31.27 2.858 100 T 101 
31.63 2.826 28 T 110 
38.68 2.326 22 T 111 
44.07 2.053 5 T 002 
44.91 2.017 6 R 200 
45.28 2.001 10 T 200 
49.96 1.824 4 T 102 
50.39 1.809 4 R 210,210 
50.72 1.798 3 T 201 
55.38 1.658 5 T 112 
55.62 1.651 9 R 211 
56.00 1.641 17 T 211 
64.90 1.436 4 T 202 
65.11 1.431 4 R 220 
69.63 1.349 2 T 212 
72.61 1.301 2 T 103 
72.90 1.296 2 T 301 
74.51 1.272 3 T 310 
82.40 1~169 1 R 222 
90.08 1.089 2 T 213 
90.80 1.082 3 T 312 
91.36 1.077 3 R 312 
91.94 1.071 2 T 231 
172 
D. Composition: 70 PbZr0 • 5 Ti 0 • 5 o 3 -30 BiFeo 3 (7) 
Phase: Tetragonal Volume: 
0 0 
03 64.627 A 
Parameters: a = 3.978 A, c = 4.084 A 
Phase: Rhombohedral 
0 
Volume: 65.256 A3 
0 






























































































































E. · Composition: 60 PbZro.sTi 0 • 5 o 3 -40 BiFeo 3 (6) 
Phase: Rhombohedral 
0 
Volume: 64.866 A3 
0 
Parameters: a = 4. 018 A, a = 89 ° 50' ( 220, 220) 
Phase: Tetragonal 
0 
Volume: 64.63 A3 
0 0 
Parameters: a = 3.98 A, c = 4.08 A 

































































F. Composition: 50 PbZr0 • 5 Ti 0 • 5o 3-50 BiFeo 3 (5) 
0 
Phase: Rhombohedral Volume: 63.902 A3 
0 






































































G. Composition: 40 PbZro.sTio.s03-60 BiFe0 3 (4) 
0 











a= 3.986 A, a= 89° 45' 
0 






























































H. Composition: 30 PbZr0 • 5Ti 0 • 5o3-70 BiFe0 3 (3) 
Phase: Rhombohedral 
Parameters: 














































Volume: 63.041 A3 
(l = 89° 40' (220,220) 





















I. composition: 20 PbZro.sTio.s03-80 BiFe03 (2) 
0 
Phase: Rhombohedral Volume: 62.371 A3 
0 
Parameters: a = 3.968 A, a = ago 33' ( 220, 220) 
0 
2e (deg) d (A) I/I 0 hk1 
22.44 3.96 48 100 
22.78 3.21 6 Bi203 
31.81 2.810 74 110 






















































































J. Composition: 10 PbZr 0 • 5 Ti 0 • 5o 3-90 BiFe03 (1) 
0 
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